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Abstract
This thesis reports an experimental work studying the β-decay properties in the
neutron-rich nuclei around 78Ni. From this work, half-lives of 38 neutron-rich nuclei were
deduced including 13 new half-lives measured for the nuclei 72−74Fe, 76−77Co, 79−80Ni,
81−82Cu, 84Zn, 87Ga and 87−88Ge. In addition, 10 β-delayed neutron emission probabili-
ties (Pn) were measured around
78Ni, in which the Pn values of
78Ni, 80−81Cu, 83−84Zn,
and 85Ga were deduced for the ﬁrst time. Based on the new measured half-lives and Pn
values, shell evolution at Z = 28 and N = 50 were discussed in the vicinity of 78Ni.
The nuclide of 78Ni is remarkably interesting because of its possibility to be the
most neutron-rich doubly-magic nuclide known so far. Recent studies on both experi-
ments and theories suggest a quenched proton shell Z = 28 and a robust neutron shell
closure N = 50 in 78Ni. Thus, many works have been motivated to give direct evindence
for the magicity of 78Ni. Among the available approaches exploring the nuclear structure
in exotic nuclei, study of the β-decay properties is often the ﬁrst means of identifying a
new nuclear species and hence also the ﬁrst harbinger of a knowledge of its properties.
Once the existence of a particular nucleus is demonstrated, even a measurement of the
β-decay half-life or the Pn value with a limited production yield can provide important
clues to its properties. Since both half-life and Pn value are integrated quantities by
summing transition rates over all the possible ﬁnal states in daughter nucleus located
inside corresponding energy windows, they are regarded as sensitive probes to reﬂect
properties of neutron-rich nuclei such as the β-decay energy window Qβ (the isoberic
mass diﬀerence between the parent and daughter nuclei), the energy distribution of
β-strength function, the neutron separation energy. Those information, in turn, bench-
mark the key ingredients in nuclear-structure theories such as single-particle energies
and eﬀective interactions, which are located at extremely neutron excess and closer to
the neutron drip line for the unique case of 78Ni.
In order to study the neutron-rich nuclei by means of the decay spectroscopy in the
vicinity of 78Ni, the experiment was performed at the RIBF facility. A high-intensity
primary beam of 238U was accelerated up to an energy of 345 A MeV by the RIKEN
cyclotron accelarator complex before impinging on a 3-mm-thick (0.56 g/cm2) 9Be target
to produce the secondary beam by in-ﬂight ﬁssion. A highly segmented silicon stopper
array, WAS3ABi, was placed after the end of beamline for the implantation of heavy
ions as well as the detection for the emitted β particles. The EURICA γ-ray detectors
array was mounted around the silicon stoppter to detect the β-delayed γ rays emitted
from nuclei, which can be used to verify the β decays and extract Pn values.
To reduce the background in the decay spectrscopy, a β-decay event detected by
the silicon detector was associated with a prior implanted heavy ion within a spatial cor-
relation window deduced from the positions measured by the silicon stopper. The decay
curve of each nuclide was then constructed by measuring the time diﬀerence between an
implanted fragment and the associated decay events. By performing a ﬁtting analysis
to the decay curve, half-lives can be determined experimentally. The γ-ray coincident
iv
measurement were exploited in the half-life determination to reduce the background and
slowly decaying components in the decay curve, from which the obtained half-life had
a much less systematic uncertainty than that without γ-ray coincidence. In addition,
the Pn values were deduced by investigating the β-delayed γ-ray intensity of daughter
nuclei observed after the implantations of parent nuclei.
The systematics of β-decay half-life including the newly obtained results from this
work suggests an enhanced N = 50 shell gap eﬀect and a considerable strong magicity
Z = 28 in 78Ni. Moreover, the experimental half-lives and Pn values were compared
with various theoretical calculations, of which the performance and predictive power
were evaluated in this work.
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Chapter 1
Introduction
Atomic nuclei are quantum many-body systems consisting of two distinct types of
fermion—protons and neutrons. Being analogical to the atomic physics, the concept
of nuclear shell structure was triggered by the appearance of particularly stable nu-
clei with speciﬁc proton and neutron numbers [1]. By examining a large number of
precise experimental data, the existence of closed shells at proton or neutron numbers
8, 20, 28, 50, 82 and 126, which were called magic numbers, were pointed out by M.
Goeppert-Mayer in 1948 [2]. However, the origins of those numbers were not correctly
understood until 1949, when Mayer, Haxel, Suess and Jensen independently proposed
that the inclusion of a strong spin-orbit interaction in a mean ﬁeld potential could give
rise to the observed gaps between the shells [3, 4]. Simultaneously, a vast amount of
properties on the nuclei reachable at that time such as spins, magnetic moments, iso-
meric states, and β-decay systematics could then be explained. Since a great progress
was made in understanding the nuclear structure, these magic numbers were regarded
as the cornerstones for theoretical developments in nuclear physics.
1.1 Exotic nuclei and RI beam facility
Because of the great success in describing the available experimental results, there was a
time that the shell structure and single-particle states established for stable nuclei were
regarded to be valid throughout the nuclear chart. However, the β-decay properties
of 114Be7 studied by D. H. Wilkinson and D. E. Alburger in 1959 [5] showed that the
spin and parity of the ground state was 1/2+ in 11Be which was contradictory with
the shell model prediction of 1/2− originated from the neutron νp1/2 single particle
orbit (SPO). This contradiction was then interpreted by I. Talmi and I. Unna as the
inversion between the νp1/2 and νs1/2 SPOs in
11Be in 1960 [6], giving the ﬁrst evidence
that the SPOs were not immutable in unstable nuclei. In order to survey the nuclei
further away from the stability, experimental technique taking advantage of radioactive
ion beam (RIB) was introduced and involved in the study of nuclear physics in 1960s,
which signiﬁcantly promoted the research of nuclear structure by discovering unexpected
results in the nuclei far from the β-stable line. Originally two complementary approaches
producing good quality RIBs were developed: the isotope separation on line (ISOL) and
the in-ﬂight separation.
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An ISOL type facility makes use of the diﬀusion process to termalize and transport
the reaction products from a thick target to an ion source before accelerating the beam
to a typical kinetic energies of 10 − 100 keV. An electromagnetic ﬁeld is applied to
separate the nuclei according to their masses A or more speciﬁcally mass-to-charge
ratios A/Q. The production of the ﬁrst ISOL beams at the Niels Bohr Institute in
Copenhagen (Denmark) were reported by Kofoed-Hansen and Nielsen [7] in 1950. After
this pioneering achievement, it took more than a decade for the next important step
when Klapisch and Bernas coupled an on-line isotope separator to the Orsay Synchro-
cyclotron in France and produced beams of the non-volatile light lithium isotopes [8].
Soon after, several ISOL facilities based on diﬀerent driver machines, such as heavy-ion
or high-energy proton accelerators and nuclear reactors or other neutron generators,
were constructed, including the most versatile and largest ISOL facility—the ISOLDE
on-line facility at CERN in Switzerland [9], where the experimental measurements on
nuclear mass, production cross section, and β-delay γ-ray spectroscopy in 1970s showed
that the neutron energy gap N = 20 was fairly fragile with strong deformation in the
nuclei far away from the β-stable line [10–13]. Later in 1980s, the development of laser
ion source opened up the possibility to produce isomerically puriﬁed beams using the
nuclear-spin dependence of the hyperﬁne splitting of the atomic levels [14]. In the late
1980s, an ISOL facility composed with a post accelerator to reach a kinetic energy of
2−10MeV was ﬁrst introduced at Louvain-la-Neuve [15], where it was possible to study
nuclear physics of exotic nuclei with secondary reaction. So far, there are a number of
ISOL based facilities in Europe and elsewhere in the world, such as REX-ISOLDE
at CERN in switzerland [16], HRIBF at ORNL in USA [17], SPIRAL II at GANIL in
France [18], MAFF in Germany [19], and ISAC-II at TRIUMF in Canada [20], exploring
the nuclear properties far from the stability line.
The pioneering work of in-ﬂight separation, which exploits the forward focusing
presented in certain types of peripheral nuclear reactions, such as projectile fragmenta-
tion or in-ﬂight ﬁssion, to produce and separate radioactive beams at intermediate or
high energies was studied in 1970s at Lawrence Berkeley National Laboratory (LBNL),
where the ﬁrst 11Be and 11Li beams were obtained by I. Tanihata through fragmen-
tation of the 1-GeV/nucleon 20Ne beams, leading to the discovery of halo nuclei in
1985 [21]. After that, the technique of in-ﬂight separation was dramatically improved
by placing a degrader in the middle of the LISE spectrometer at GANIL [22], making
it possible to select a set of isotopes with a single momentum-to-charge ratio accord-
ing to magnetic rigidity. However, the RIB intensities at GANIL were limited by the
weak forward focusing at intermediate energies and the limited acceptance of the beam
lines which were not optimized for RIB transmission. In order to enhance the RIB
intensity, fragment separators A1200 [23] and RIPS [24] were built speciﬁcally for RIB
application at MSU/NSCL and RIKEN respectively and coupled with cyclotrons for
the ion-beam accelerations. The RIB intensity at RIPS/RIKEN was, therefore, roughly
100 times stronger than that of LISE. With such a strong RIB intensity, many subjects
were investigated at RIPS, including the vanishing of neutron magicities N = 8 [25]
and N = 20 [26, 27]. The capability of RIB was further extended at the FRS fragment
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separator in GSI [28] by employing the in-ﬂight ﬁssion of 238U as a production reaction.
Even though a weaker RIB intensity was provided by the SIS synchrotron than that by
cyclotrons, more than a hundred new isotopes were identiﬁed within a short period of
beam time [29, 30], which largely increase the scope of RIB facilities on nuclear chart.
The next generation of RIB facilities with in-ﬂight separator, which are characterized
by a high power 238U beam and a large acceptance, are steadily involved in the nuclear
physics research nowadays such as the RIBF facility at RIKEN in Japan [31], FAIR at
GSI in Germany [32], and FRIB at NSCL/MSU in USA [33].
With the rapid developments of powerful RIB facilities around the world, a con-
siderable large number of nuclei far from the β-stability have been explored. Unique
properties originated from unbalenced neutron-to-proton ratios motivated a large num-
ber of works, both experimental and theoretical, to understand the shell evolution and
magic numbers in exotic nuclei. Similar to the neutron magic numbers N = 8, 20, a
weakened magicity N = 28 were suggested by the excitation energy of the ﬁrst 2+ state
in 42Si, which was measured via the in-beam γ-ray spectroscopy at GANIL in 2007 [34].
More recently, the emergences of new magic numbers were expected and conﬁrmed in
exotic nuclei such as the strong magicities N = 16 in 24O [35] and N = 34 in 54Ca [36].
Nowadays, heavier nuclei in the vicinity of 78Ni, 100Sn, and 132Sn have become accessible
and their properties have stimulated many experimental eﬀorts to examine the existence
of magicity 50 and 82 in the regions far away from the β-stable line.
1.2 Unique physics around 78Ni
The neutron-rich nuclide 78Ni is of particular interest being expected as a “classical”
doubly-magic nucleus (Z = 28 and N = 50) with an extremely large neutron excess
(N/Z ≈ 1.8). Since determining the extent to which the proton and neutron numbers,
which are magic near stability, retain their magic character far from the stable valley is
one of the central problems in modern nuclear physics, a basic but important question
that has been raised is: whether 78Ni is a doubly-magic nuclide and how strong the
magicity is. Unfortunately, answering this question had not been available until the
last decade because of the extremely low production cross section of 78Ni arisen from
the large distance from the β-stable line. Since the ﬁrst observation of 78Ni at GSI in
1990s [29,30], many experimental works have been motivated to access the nuclei in the
vicinity of 78Ni to give a direct evidence for the proton and neutron magicity in 78Ni.
Evolution of the Z = 28 shell with large neutron excess was investigated by many
experiments based on γ-ray spectroscopy. Among them, a series of experiments studied
the properties of low-lying states in the even-even 28Ni isotopes at N ≥ 40 [37–40].
According to the results, the reduced E2-transition strength B(E2) from the ground
state to the ﬁrst excited Jpi = 2+ (spin, J ; parity, π) state B(E2; 0+g.s. → 2+1 ) steeply
rises in 70Ni relative to that of 68Ni. Together with the continuously decreased excitation
energies in the ﬁrst 2+ states E(2+1 ) from
70Ni42 to
76Ni48, the experimental data suggests
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an enhanced collectivity beyond N = 40 attributed to a reduction of the Z = 28 gap [40].
At the same time, the subject were surveyed via the low-lying states in the odd-mass
29Cu isotopes with N ≥ 40, where the neutrons start occupying the νg9/2 single-particle
orbit (SPO) below the N = 50 shell. Strong reductions of the E(5/2−1 ) in
71,73Cu relative
to that in 69Cu were observed from the β decay of 71,73Ni [41, 42]. Complementary
measurements on the collectivities of low-lying states in the odd-mass 67−73Cu were
performed by Coulomb excitation with radioactive beams at REX-ISOLDE [43], where
the B(E2; 5/2−1 → 3/2−g.s.) were measured with signiﬁcant reductions at and beyond
N = 40, pointing to a transition from a collective 5/2−1 state in
67Cu to a single-partile-
like structure originated from the πf5/2 SPO in
69−73Cu. Moreover, experimental results
were extended to 75Cu by laser spectroscopy and isomeric γ-ray spectroscopy [44, 45],
from which a change of ground-state spin and parity from 3/2− to 5/2− were observed,
indicating an inversion between the πf5/2 and πp3/2 SPOs in
75Cu compared with the
sequences in 69−73Cu. The theoretical works, on the other hand, based on the interacting
shell model (SM) were applied to interpret the experimental results [46, 47]. Including
an attractive πf5/2–νg9/2 monopole interaction stemming from the tensor force of the
nucleon-nucleon interaction [48], the behavior of experimental data can be very well
reproduced. Together with the repulsive πf7/2–νg9/2 interaction predicted by the same
force, the overall eﬀect imposed by the monopole interaction would reduce both the
Z = 28 gap and the πf7/2–πf5/2 splitting upon ﬁlling of the νg9/2 SPO below N = 50,
forming a quenched proton shell gap Z = 28 in 78Ni.
Several studies focusing on the neutron magic number N = 50 were performed
along the N = 50 isotonic chain. With the B(E2; 0+g.s. → 2+1 ) values newly measured for
80Zn, 82Ge and E(2+1 ) for
80Zn [49, 50] by means of Coulomb excitation, the excitation
energies of the ﬁrst 2+ states in N = 50 isotones display a decreasing trend from Z = 40
to 32 and slightly rebound at Z = 30. Correspondingly, the measured B(E2) values
show the maximum at Z = 32−36 (Z = 34 is unknown) and start decreasing at Z = 30.
This systematics indicates an increased collectivity below Z = 40 with its maximum
emerging at Z = 32. Besides, an approach directly evaluating the size of shell gap via
measuring the exciation energy of the core excited state with one neutron crossing the
N = 50 shell. In Ref. [51], the medium-spin states of Jpi = 7+, which were originated
from the coupling of a hole in the νg9/2 SPO below the N = 50 shell with a particle
in the νd5/2 SPO beyond N = 50, were identiﬁed at excitation energies of 4755 and
4405 keV in 86Kr50 and
84Se50, respectively. More recently, two new excited states with
spins and parities (5, 6+) were proposed at 2930 and 3228 keV in 82Ge50 [52]. At least
one of them can be interpreted by the cross-shell excitation with the conﬁguration of
(νg9/2)
−1⊗(νd5/2)+1. Unfortunately, no data is available at Z ≤ 30 for the medium-spin
state so far to verify the shell gap N = 50 for 80Zn50 and
78Ni50. In addition, the strength
of neutron shell gap can be visualized by the high precision nuclear mass measurements,
from which the two-neutron separation energy S2n = −M(A,Z) +M(A − 2, Z) + 2n
can be deduced and utilized to examine the magicity at neutron shell closure. A recent
result was obtained by using the JYFLTRAP Penning trap setup [53] and published
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in Ref. [54]. The systematics of S2n with newly measured masses indicated that the
N = 50 magicity reached its minimum at Z = 32 and re-enhanced when moving from
82Ge towards 78Ni, suggesting a robust shell closure of N = 50. More recently, the mass
of 82Zn had been measured by Ref. [55], which well follows the systematics suggested
by previous works. Theoretically, the robustness of N = 50 shell and its evolution as
a function of proton number were studied via the shell model [56], which used 48Ca
as inactive core and eﬀective interaction based on realistic G matrices with a number
of experimental constraints [57]. Experimentally available level schemes of N = 49, 50
isotones with proton number Z = 30 − 36 were reproduced and a robust neutron shell
closure N = 50 is predicted in 78Ni.
Besides the signiﬁcance in the nuclear structure far from the stability, 78Ni attracts
many interests in the study of astrophysics because of its possibility being a N = 50
waiting point nucleus along the rapid neutron capture (r-) process path [58]. The ﬁrst
half-life measurement of 78Ni was reported by MSU in 2005 [59], after which many
studies have been devoted into the half-life and Pn measurements around
78Ni [60–65].
It is found that the newly measured half-lives are very diﬀerent from the predictions of
global models which are widely used in astrophysical simulations when experimentally
unknown half-lives and Pn values are required. The revised analysis of the r-process with
a new set of measured half-lives either shows a signiﬁcant redistribution of predicted
isobaric abundances strengthening the yield of the mass number A > 140 nuclei in low
entropy environments or better reproduces the A = 78− 80 abundance pattern inferred
from the solar abundances. Unlike the case of half-life, strong variations are frequently
found in the Pn values measured by diﬀerent experiments. The divergence reﬂects the
notorious diﬃculty of neutron detection as stated in Ref. [61] and the possibly existing
long-lived isomer with a Pn value diﬀering from that of the ground state, altering the
observed Pn values in the experiments with diﬀerent production reactions.
1.3 Beta decay and β-decay spectroscopy
1.3.1 Half-life and Pn value
A β decay, which is mediated by the weak interaction, is one of the most fundamental
process taking place in the universe. Because of the diﬀerent Fermi energy levels between
protons and neutrons in a nucleus, a nucleon of one type can decay spontaneously to the
other type accomponied by the emission of a β particle and a corresponding neutrino.
Depending on the proton or neutron excess of a nucleus, three processes are available
for a β decay: β− decay, β+ decay, and electron capture (EC), which can be expressed
as:
β− : n→ p+ e− + ν¯e +Q, (1.1)
β+ : p→ n+ e+ + νe +Q, (1.2)
EC : p+ e− → n+ νe +Q. (1.3)
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Here the n, p, e−, e+, ν¯e, νe stand for a neutron, a proton, an electron, a positron, an
electron antineutrino, and an electron neutrino, respectively. The Q value is the char-
acteristic amount of energy released in a speciﬁc β decay process, which is energetic
possible with Q > 0. If one neglect the kinetic energy of the recoil nucleon, because
Mp,n ≫ Me, the Q value will be shared by the kinetic energies of the β particle and
neutrino, forming a continuous energy spectrum of the β particle. In the decay processes
introduced by Eqs. (1.1)−(1.3), the latter two are strongly hindered in the neutron-rich
nuclei because of the Pauli eﬀect blocking possible ﬁnal states of the produced neutron.
Thus, only the β− decay process plays a dominant role in determining the β-decay
properties around 78Ni, of which the β− decay will be simply referred as β decay in the
following discussion.
Depending on the total orbital angular momentum L and parity π carried by the β
particle and neutrino, a β decay can be classiﬁed as an allowed transition (L = 0, π =
+1) or a forbidden transition (L 6= 0, π = (−1)L). Within the allowed transition, a
β decay can be further distinguished by the total spin S coupled by the β particle and
neutrino: the Fermi transition with S = 0 and the Gamow-Teller transition with S = 1.
In a Fermi decay, the transition strength BF can be expressed as
BF = |〈ψf |τ±|ψi〉|2, (1.4)
in which ψi and ψf represent for the wave functions of the initial and ﬁnal states. The
isospin operator of τ± changes the z-component (proton↔ neutron) of the isospin but its
absolute value remains unchanged. Thus, the following selection rules can be deduced.
• ∆T = 0: no change of the isospin;
• ∆J = 0: no change of the nuclear spin;
• ∆π = 0: no change of the parity;
• ∆L = 0: no change of the in the orbital angular momentum.
Since the decay process does not alter the absolute value of the spin, isospin, and parity,
the Fermi decay feeds to the isobaric analogue state in the daughter nucleus, which is
not accessible in the β− decay of neutron-rich nuclei because of the negative Q value in
Eq. (1.1).
With the Pauli vector ~σ, the transition strength of a Gamow-Teller decay can be
written as
BGT = |〈ψf |~στ±|ψi〉|2, (1.5)
which results in the following selection rules.
• ∆T = 0,±1: change of the isospin up to one unit;
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• ∆J = 0,±1: change of the nuclear spin up to one unit (but not 0+ → 0+);
• ∆π = 0: no change of the parity;
• ∆L = 0: no change of the in the orbital angular momentum.
Compared with the Fermi decay, the Gamow-Teller decay occurs more universally on
the nuclear chart, such as the β decay of neutron-rich nuclei in the vicinity of 78Ni.
Even though being called “forbidden”, a forbidden transition can occur, just with a
much smaller strength than that of an allowed transition. However, this type of β decay
can signiﬁcantly contribute to the total decay rate if all the allowed transition is hindered
by the selection rules introduced above. The forbiddenness of a forbidden transition is
deﬁned by the total orbital angular momentum of the β particle and neutrino: the ﬁrst,
second, and third forbidden decays are the consequences of the β particle and neutrino
emitted with L = 1, 2, 3, respectively. Unlike the case of the allowed transition, many
operators are involved in the forbidden transition with diﬀerent expressions of transition
matrix. Furthermore, the selection rules of the forbidden transition depend on the
forbiddenness of the process. A detailed introduction of those information can be found
in Ref. [66].
With the transition matrices deﬁned in Eqs (1.4)−(1.5), the β-decay constant (de-
cays per second) for an allowed transition from an initial state |i〉 to a ﬁnal state |f〉
can be written as
λf =
mc2
~
1
2π3
G2
[
|〈ψf |τ±|ψi〉|2 +
(
CA
CV
)2
|〈ψf |~στ±|ψi〉|2
]
f(Z,Qβ − Ef), (1.6)
where
m : mass of the β particle;
G :
m2c
~
3 CV;
CV : weak interaction vector coupling constant;
CA : weak interaction axial-vector coupling constant.
Both CV and CA can be experimentally determined [66]. The integrated Fermi function
f(Z,Qβ − Ef ) is a function of the atomic number Z, isobaric mass diﬀerence between
the parent and daughter nuclei Qβ , and the excitation energy of the ﬁnal state in the
daughter nucleus Ef . According to the previous discussion, the contributions from the
β+ and Fermi transitions are neglectable in the β decay of neutron-rich nuclei. Thus, the
total allowed decay rate from a ground state of neutron-rich nucleus can be simpliﬁed
as
λ =
∑
f
m5c4
~
7
1
2π3
C2A|〈ψf |~στ+|ψg.s.〉|2f(Z,Qβ − Ef). (1.7)
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Fig. 1.1: Illustration of β-, βn-, and β2n-decay processes from the parent nucleus
A
ZX1. The decay mode β refers to the β decay feeding to different final states
whereas n and n + n mean one- and two-neutron emission, respectively. The
meanings of Qβ, Sn, and S2n are explained in the text.
Substituting the relation λ = ln 2/T1/2 into Eq. (1.7), one can obtain the expression of
β-decay half-life as
1
T1/2
=
∑
f
Sβ(Ef)f(Z,Qβ −Ef ), (1.8)
where the Sβ(Ef) is called β-strength function [67], which represents the energy distri-
bution of a β-transition matrix. Note that Eq. (1.8) is a general summation over not
only allowed transitions but also forbidden transitions, which have diﬀerent amplitudes
of Sβ(Ef ) than that of allowed transitions.
In the region of neutron-rich nuclei, a large isobaric mass diﬀerence Qβ is expected,
leading to a great number of ﬁnal states accessible by a β decay. Because of the low-lying
neutron separation energy Sn in neutron-rich nuclei, there is considerable probability
that a β decay feeds to the excited states above Sn in the daughter nucleus, causing a
fast neutron emission following a β decay. The equation for such a βn decay is
A
ZX1 →A−1Z+1 X3 + e− + ν¯e + n+Q, (1.9)
with an illustration drawn in Fig. 1.1. The β-delayed neutron emission occurs via the
strong, or nuclear, interaction and competes very favorably over the electromagnetic
decay. Similarly, the β-delayed two-neutron emission (β2n), β-delayed three-neutron
emission (β3n) can occur depending on the locations of the two-neutron, three-neutron
separation energies, respectively. A βn decay can populate the excited states in A−1Z+1X3,
which may deexcite via electromagnetic γ decays. The probability of a β decay followed
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by a neutron emission is given by
Pn =
Qβ∑
Sn
Sβ(Ei)× f(Z,R,Qβ − Ei)
Qβ∑
0
Sβ(Ei)× f(Z,R,Qβ − Ei)
, (1.10)
under the assumption that neutron emission is predominant over γ decay when both
are available. Equation (1.10) can be understood as the ratio between the integrated
β-decay intensity feeding to the states above Sn and the total β-decay intensity. Note
that the energy window of β-delayed neutron decay Qβn = Qβ − Sn includes all the
neutron decay channels such as βn, β2n, and so on.
1.3.2 Experimental approach
Among many available approaches exploring the nuclear structure with exotic RI beams,
a β-decay study is often the ﬁrst means of identifying a new nuclear species and hence
also the ﬁrst harbinger of a knowledge of its properties. Once the existence of a par-
ticular nucleus is demonstrated, even a measurement of the β-decay half-life or its Pn
value with a limited production yield can provide important clues to its properties.
Since both half-life and Pn value are integrated quantities determined by all the energy-
accessible ﬁnal states in a daughter nucleus, they are regarded as sensitive probes to
reﬂect properties of neutron-rich nuclei such as Qβ, β-strength functions, and Sn. Those
information, in turn, can benchmark the key ingredients in nuclear-structure theories
including single-particle energies and eﬀective interactions. Several impressive examples
show the possibilities to identify special nuclear structure features solely from half-lives
and Pn values. Among them are: (1) The half-life of
32Mg, which is located at the
region so-called “island of inversion”, was measured to be 86±5 ms, being longer than
its daughter nuclide 32Al (T1/2 = 33 ± 2 ms [68]). This abnormity can be understood
by the ground-state deformation in 32Mg, from which the nucleus gains extra binding
energy to eﬀectively reduce the Q value in a β decay. (2) The half-lives and Pn val-
ues measured for the neutron-rich 44S and 45−47Cl indicated unexpected collectivities
in those nuclei which provided ﬁrst evidence for a rapid vanishing of the N = 28 shell
strength below 48Ca [69]. (3) For the β-decay of 131Cd, a surprisingly short half-life and
weak Pn value compared with theoretical predictions were observed. The disagreement
imposed a strong regulation to the calculations to reproduce the observables just above
N = 82 [70].
Technically, experimental study on exotic nuclei via decay spectroscopy coupled
with an in-ﬂight separator has been well developed. Reaction products at intermediate
energies are separated based on the momenta and mass-to-charge ratios before being
identiﬁed by the beam-line detectors. Then, the identiﬁed fragments are stopped by an
active stopper (detector) at the end of beam line and stay at rest before undergoing
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β decay. The β-decay half-life is then deduced from the time distribution between an
implantation and a subsequent β decay. Since the β particles emitted from diﬀerent
parent nuclei “look” identical with each other, identiﬁcation is necessary to assign the
β particle to the right parent nucleus. Several approaches are available to realize the
ion-β association. For example, one can make use of γ-ray detectors to measure the
γ decay following a β decay to address the origin of the β particle via distinct γ-ray
energy. However, this method is strongly limited by the eﬃciency of the γ-ray detectors,
which for the best case of Ge detector is about 20% at 1332 keV. Moreover, the yields
of γ decays rely on the branching ratios feeding to the states in a daughter nucleus.
In the case that γ decays are fragmented into many weak branches or a considerable
amount of β decays feed to the ground state of the daughter nucleus, it would be of great
diﬃculty to observe any prominent γ peak for the ion-β correlation. To overcome the
limitation, an alternative for the ion-β correlation is introduced by making use of the
position sensitive detectors, which record the position and timing information for both
implanted ions and emitted β particles. The association between an implantation and a
β decay can be reconstructed in an oﬄine analysis via a position-time correlation. One
of the widely used detectors in such application is the double-sided silicon strip detector
(DSSSD), which is easy to operate and stable in performance. Because of the relatively
higher eﬃciency for β detection than that for γ detection and the usability of all the
β particles emitted from parent nuclei, the ion-β correlation in the latter approach can
normally access more neutron-rich nuclei than that in the previous method, achieving
the limit of an experimental facility. For example, the ﬁrst half-life measurement of 78Ni
was achieved by associating β decays to 11 implantations produced at MSU [59]. More
recently, the Qβ+ value of
100Sn was successfully measured via the decay spectroscopy
with a silicon stack as an active stopper at GSI from ∼ 150 implanted ions [71]. Those
works strongly demonstrated the great power of the experimental technique to study
the properties of exotic nuclei.
One of the main consideration in a decay experiment using segmented silicon stop-
per is the total implantation rate, which directly determine the random background
level in the ion-β association. In order to obtain a clean background for nuclei of low
statistics, an experiment dedicating to half-life measurement is always performed with
a low implantation rate. This situation can be improved to some extent by increasing
the granularity of the silicon stopper to eﬀectively reduce the spatial correlation window
between an implanted ion and a β particle. For example, the ﬁrst β-decay experiment at
RIKEN RIBF employed nine pieces of silicon detectors segmented by 16×16 3-mm-width
strips horizontally and vertically [72–75]. In a setting for the half-life measurement, the
intensity of the secondry beam was reduced to achieve an implantation rate as low as 8
particles per second (pps) [73]. The silicon stopper in the present experiment, however,
is upgraded to a segmentation of 60× 40 with a width of 1 mm per strip. This, roughly
speaking, increase the allowed implantation rate ten times stronger than that in the
previous experiment.
Compared with the previous decay experiment at RIKEN, the γ-ray detectors were
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upgraded from 4 clover detectors to 12 cluster-type Ge detectors, which enhanced the
γ-ray detection eﬃciency roughly one order of magnitude relative to the previous work.
This improvements together with the upgraded silicon detectors and steadily increased
primary-beam intensity at RIBF make it possible to access the neutron-rich nuclei
around 78Ni with much higher yields than any other experiment that had performed
so far.
Besides the half-life measurement, another main goal of the present experiment is
to measure the β-delayed neutron emission (βn) probability (Pn) which is signiﬁcantly
strong in the neutron-rich nuclei because of the large Qβ value relative to a small Sn
value (see Fig. 1.1). Similar to the half-life, a Pn value is another bulk property of β
decay, which can be exploited to probe the nuclear structure far from the β-stable line.
Diﬀerent techniques are adopted for the Pn measurement according to the experimental
condition. One of the main preferences is making use of the nuclear reaction for a
neutron capture, which release large amount of energies in the detector as a signature
of neutron detection. Such “direct” neutron detector is characterized by a high neutron-
detection eﬃciency (> 60%) which is of great importance for the most exotic nuclei
achievable by a RIB facility. For instance, the 3He and BF3 based neutron counter
NERO [76] was involved in the decay experiment focusing on 78Ni at MSU to measure
the Pn values of the neighboring nuclei [60]. However, the Pn value such measured
suﬀers a systematic uncertainty stemming from the energy-dependent neutron-detection
eﬃciency. Though this dependency can be weakened by optimizing the conﬁguration
of neutron detectors within a certain limit of neutron energy [76], assumption has to
be made that no signiﬁcant number of neutrons are emitted beyond the energy limit,
which induces potential bias in the experimental result. Another widely used technique
of Pn measurement is based on the γ-ray detection, which resolve the eﬃciency-related
uncertainty induced by the neutron counters. Rather than detecting a neutron directly,
the βn decay channel is identiﬁed by measuring the γ decay from the grand-daughter
nuclei in the βn decay channel (see Sec. 4.3). Even though limited by a relatively
low eﬃciency of γ-ray detection than that of neutron detection, this approach provides
the Pn value with the least ambiguity if suﬃcient statistics is available because of the
generally high resolving power and signal-to-noise ratio of a γ-ray detector. Since there
were 12 clusters of Ge detectors available for the experiment, the second technique was
adopted to measure the β-decay half-lives and Pn values simultaneously.
1.4 Thesis objective
This thesis reports a systematic study of β-decay properties including the β-decay half-
lives and Pn values for the neutron-rich nuclei in the vicinity of
78Ni to probe the nuclear
shell evolution around the classical doubly-magic nuclide 78Ni. The experiment exploited
the high-intensity 238U beam provided by the RIBF facility at RIKEN to produce the
neutron-rich nuclei including 79Ni and 77Co by means of in-ﬂight ﬁssion. The facility was
preferred for its strong primary beam intensity and fast in-ﬂight separation to eﬃciently
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produce and study the neutron-rich species with extremely low production cross sections
(< 10−8 mb) and short β-decay half-lives (< 100 ms), which were diﬃcult to be accessed
by other RI beam facilities.
Highly segmented silicon detectors were employed as the active stopper for the
nuclei of interests delivered by the secondary beam. Positions were recorded on an
event-by-event basis for implanted fragments and emitted β particles, based on which
a spatial correlation was applied to construct the ion-β association. The β-decay half-
life was then deduced by measuring the time diﬀerence between an implanted fragment
and an associated β particle, which was contributed not only by the parent nuclei but
also by the other radioactive species such as the daughter and grand-daughter nuclei
produced in the β decay. In order to examine the reliability of half-lives obtained with
ion-β correlation, γ-ray coincident decay spectrum was constructed to deduce half-life
with ion-β-γ correlation. Besides, the Pn values of neutron-rich nuclei were measured
based on the intensity of β-delayed γ peak from daughter nuclei observed after the
implantation of parent nuclei.
Based on the β-decay half-lives deduced by this work, the shell evolution around
78Ni along the Z = 28 isotopic chain and N = 50 isotonic chain were investigated.
To gain further insight into the obtained experimental data and give feedback to the
theoretical works, half-lives and Pn values are compared with several diﬀerent models
including microscopic and macroscopic global models and interacting shell model. The
new measurements impose strong regulation to the theories for a better description of
the β-decay properties in this region.
This thesis is organized as follows. Chapter 2 presents an overall introduction to
the experiment, including the production of secondary beam, implantation of the ﬁssion
fragments, conﬁguration of the detector system and the data acquisition (DAQ) system
in the experiment. Chapter 3 explains in details the procedure of data analysis includ-
ing the particle identiﬁcation by the beam-line detector, detector calibration, position
determination of the charged particles in the silicon stopper, and spatial correlation
between a fragment and β particle. Chapter 4 introduces the detailed procedure to de-
termine the β-decay half-life and β-delayed neutron emission probability from the ion-β
correlation. In Chapter 5, systematics of β-decay half-lives and Pn values were discussed
and compared with various models to investigate the shell evolution around 78Ni and
evaluate the performance and predictive power of the models. Finally, a summary and
perspective are presented in Chapter 6.
The author of the present thesis joined the entire preparation for the experiment
from the beam commissioning of silicon stopper to all the subsequent stages of the
experiment, including the contributions as follows.
• Setting up the silicon stopper system for the experiment. This work includes (1)
design of the chamber and supporting structure; (2) optimization of the pream-
pliﬁers to reduce the dead time after implantation; (3) design of the logical and
readout circuit; (4) setup for the remote control system to adjust the thresholds of
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silicon detectors; (5) writting the DAQ program; (6) performing the calibrations.
The item (2) was realized by the author and his collaborators via reducing the
feedback resistence of preampliﬁer (see Sec. 2.2.2) after performing a large number
of tests for the performance of preampliﬁers.
• Participating in the setup of EURICA γ-ray detector system, which inlcudes (1)
optimizing the DAQ system at RIKEN; (2) maintenance of Ge detectors with
daily liquid nitrogen ﬁlling; (3) setting up the timestamp synchronization system
for the data merging with other DAQ systems.
• Preparing the major part of online and nearline analysis programs for monitoring
the implantation position, constructing the β-decay events, and plotting the β-γ
spectrum during the experiment. This analysis is of great importance to quickly
debug possible mistakes made during the preparation and evaluate the quality of
data taken within a short period of beam time. Many decisions of beam setting
(see Sec. 2.1.3) were made based on the result of online and nearline data analysis.
• Performing the oﬄine analysis to deduce the β-decay half-lives and Pn values for
the nuclei implanted in the silicon stopper. Other than the basic techniques an-
alyzing data of β-decay experiment, the author and his collaborators successfully
extracted the position information of implantation from timing signals of active
stopper, making it possible to study the β-decay properties with present experi-
mental setup. Basic β-tracking was carried out in the analysis of β particles to
obtain a decay spectrum with very low background level.
• Investigating the evolution of nuclear shell structure far from the β-stable line
based on the systematics of β-decay half-lives. No extensive discussion along this
direction was performed before this work. Since the measurement of β-decay
half-lives can generally reach more neutron-rich nuclei than that of nuclear mass
measurement, it provides a preliminary but eﬀective indication to probe the nu-
clear shell closure far from the β-stable line.
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Chapter 2
Experiment
The main goal of the present work is to measure new β-decay half-lives and Pn values in
the vicinity of 78Ni to shed light on the shell evolution far from the valley of stability. In
order to study the β-decay properties for very neutron-rich nuclei, the experiment was
performed at the RI Beam Factory (RIBF) [31], which is operated by RIKEN Nishina
Center (RNC) and Center of Nuclear Study (CNS), University of Tokyo. Two periods
of beam time were scheduled at the end of 2012 to complete the measurement, from
Nov. 7th to Nov. 16th (named as RIBF10) and from Dec. 12th to Dec. 18th (RIBF90),
with a total beam-on-target time of 13 days.
A high-intensity 238U beam was accelerated up to 345 A MeV before impinging on
a 3-mm-thick (0.56 g/cm2) 9Be target to produce secondary beams via in-ﬂight ﬁssion.
The produced fragments were then separated by the superconducting radioactive isotope
beam separator (BigRIPS) [77] between the ﬁrst (F0) and second (F2) achromatic focal
plane. After the beam separation, an event-by-event particle identiﬁcation (PID) was
carried out to fully analyze the nuclei of interests delivered through BigRIPS and the
ZeroDegree spectrometer (ZDS) [78].
After the exit of ZDS, an active stopper, WAS3ABi, was mounted for the implanta-
tion of heavy ions and detections of emitted β rays. The β-decay half-life was extracted
by measuring the time diﬀerence between an implantation and subsequent β decays. In
this work, nine pieces of double-sided silicon strip detectors (DSSSDs) were employed as
active beam stopper because their granularities can provide precise positions for both
implanted heavy ions and β particles. Utilizing such information make it possible to
introduce a spatial correlation between an implantation and subsequent β decays, which
signiﬁcantly reduces the background of random coincidence between implanted heavy
ions and β particles within a certain width of correlation time. This position correlation
is essential for the study of very neutron-rich species which had extremely low intensity
delivered in the secondary beam.
The EURICA γ-ray detector array, consisting of 12 EUROBALL cluster Ge de-
tectors imported from GSI [79], was mounted around the active stopper to detect the
β-delayed γ rays emitted from nuclei. These γ-ray detectors were involved to verify the
β decay of a speciﬁc nuclide by the β-γ coincidence (introduced in Sec. 3.4) and deduce
the Pn values based on the intensity of a speciﬁc γ decay observed in the β-delayed
γ-ray (β-γ) spectrum.
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To make the data acquisition (DAQ) system more eﬃcient, the data of BigRIPS,
WAS3ABi, and EURICA were taken independently. In order to merge the data from
individual DAQ systems in the oﬄine analysis and reconstruct the β-decay events for
half-life determination, the absolute time detecting implanted ions and β particles was
recorded as timestamp via a Logic Unit for Programmable Operation (LUPO) module
in the DAQ system.
This chapter gives an overview to the experiment. Section 2.1 presents the basic
information on the production, separation and identiﬁcation of the secondary beam
before being implanted into a silicon stopper. Detaled introductions to the conﬁguration
of detectors, including the ones for beam line and decay spectroscopy, is presented in
Sec. 2.2. Discussion related to the independent DAQ systems is given by Sec. 2.3.
Section 2.4 summarizes the run condition of the experiments.
2.1 Production of secondary beam
2.1.1 Primary beam and production reaction
In-ﬂight ﬁssion of ﬁssile beams is known as an excellent mechanism for producing a wide
range of neutron-rich nuclei with medium-heavy masses. This was well demonstrated
by the experiments at GSI, in which more than a hundred new isotopes were identiﬁed
[29,30]. This advantage was attributed to the fact that in-ﬂight ﬁssion roughly preserves
the initial neutron-to-proton ratio (N/Z) in the reaction products [80]. Taking into
account that heavy, ﬁssile isotopes such as 238U have signiﬁcantly more neutrons than
protons (compared with medium-heavy nuclei), a large number of extremely neutron-
rich products, which could not be produced by any other way, are expected to be created
in in-ﬂight ﬁssion. However, because of the kinematics of reaction process, one of the
main disadvantages of in-ﬂight ﬁssion as a production reaction is the much wider angular
and momentum distributions of produced fragments and, hence, a much less collection
eﬃciency of reaction products compared with that of projectile fragmentation. This
was overcomed to some extent by the large momentum acceptance of BigRIPS (see
Sec. 2.1.2) at RIBF.
Since the ﬁrst beam of heavy ions obtained at RIKEN RIBF in 2007, the ion species
and intensity was steadily increasing in recent a few years. In 2008, a 238U35+ ion beam
using RIKEN 18 GHz electron cylotron resonance (ECR) ion source was obtained. Even
with a weak beam intensity (around 0.4 pnA on the target), a production of more than
40 new isotopes by in-ﬂight ﬁssion of 238U was observed in the four days experiment [81],
showing the potential capability of intense uranium beam for producing very neutron-
rich nuclei. However, the intensity of 238U beam was limited around 2− 4 eµA by using
the RIKEN 18 GHz ECR ion source, which was much lower than the required beam
intensity of this experiment (5 pnA). In order to overcome the bottleneck of the beam
intensity, a new superconducting electron cyclotron resonance (SC-ECR) ion source
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Fig. 2.1: Schematic diagram of the heavy-ion accelerator system in this experi-
ment.
was constructed. Injecting a 28 GHz microwaves from a gyrotron into the ion source, a
highly charged uranium ion beam was obtained in the spring of 2011 [82].
The 238U beam extracted from the ion source was accelerated in a multistage ac-
celerator complex at RIBF. The experiment utilized following accelerators in sequence
to inscrease beam energy step by step: RIKEN Heavy Ion LINAC 2 (RILAC2), RIKEN
Ring Cyclotron (RRC), Fixed-frequency Ring Cyclotron (fRC), Intermediate-stage Ring
Cyclotron (IRC), and Superconducting Ring Cyclotron (SRC). Two strippers were
placed before and after fRC respectively to increase the charge states of 238U for the
further acceleration. At the exit of SRC accelerator, the 238U86+ beam ﬁnally reached
an energy of 345 A MeV, which roughly corresponded to 70 percent the speed of light.
The maximum energy after acceleration was designed to optimize the eﬃciency of pro-
duction rate for exotic heavy ions. The schematic diagram of the accelerator system is
shown in Fig. 2.1.
In this work, a thin 9Be foil was employed as the production target due to a great
number of atoms per unit volume and relatively low energy loss of particles passing
through it. This combination gives a high probability of generating a reaction while
minimizing energy loss in the target allowing a more accurate measurement of the
fragment energies as they were generated in the reaction.
2.1.2 RI separation and identification
The separation and identiﬁcation of ﬁssion products were performed by the beam line
consisting of BigRIPS and ZDS, of which the overview diagram is shown in Fig. 2.2.
Beam separation
The ﬁssion fragments of 238U beam were collected by the BigRIPS separator, which was
characterized by a large angular and momentum acceptances for the reaction products.
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Fig. 2.2: Overview diagram of BigRIPS + ZDS at RIBF.
Angular acceptance is designed to be 80 mr horizontally and 100 mr vertically, while
the momentum acceptance is ±6%. The large acceptances are achieved by using su-
perconducting quadrupoles with large apertures of 24 cm in diameter, which allow for
eﬃcient RI beam collection even though the ﬁssion fragments have wide angular and
momentum distributions after reaction with the energy domain at RIBF.
The BigRIPS separator is designed to be a two-stage RI beam separator. The ﬁrst
stage of BigRIPS, which serves for the beam separation, refers to the section between
the F0 (the position for production target) and F2 focal planes, including four supercon-
ducting quadrupole triplets (STQ) (STQ1 to STQ4) and two room-temperature dipoles
(RTD) with a bending angle of 30 degrees (D1 and D2). An achromatic wedge-shaped
degrader is placed at the intermediate focal plane of F1, which is momentum dispersive,
to make an isotopic separation based on the technique called momentum achromat. A
telescopic system consisting of two STQs (STQ5 and STQ6) follows the F2 achromatic
focal plane, transporting the separated RI beams to the second stage of BigRIPS. The
information is summarized in Table 2.1.
The basic principle of the beam separation at BigRIPS is based on the fact that
charged particles with diﬀerent mass-to-charge ratios (A/Q) and momenta (p) have
diﬀerent trajectories in the magnetic ﬁeld applied by RTDs. If a homogeneous magnetic
ﬁeld perpendicular to charged particles’ path is assumed, a simple equation such as
Bqv = m
v2
ρ
(2.1)
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Table 2.1: Specification for the first stage of BigRIPS.
Spectrometer conﬁguration STQ1-D1-STQ2-F1-STQ3-D2-STQ4-F2
Degrader type Wedge shape at F1
Magnet Type Dipole: Normal conducting
Quadrupole: Super conducting
Angular acceptance Horizontal: 80 [mrad]
Vertical: 100 [mrad]
Momentum acceptance 6 [%]
Focal plane F1: momentum dispersive
F2: acromatic
can be used to describe the motion of charged particles in the magnetic ﬁeld. Here B
is the magnetic ﬁeld; the q, v, and m are the charge, speed, and mass of the particle,
respectively; the ρ is the radius of the trajectory along which the particle travels in the
ﬁeld. To conveniently describe the bendability of a fast moving charged particle in a
magnetic ﬁeld, a new quantity called magnetic rigidity (Bρ) with a unit of Tesla-meter
(Tm) was introduced via transforming Eq. (2.1) into Eq. (2.2). The new variable is
proportional to the momentum and inversely proportional to the charge of a particle.
Bρ =
p
q
=
γm0v
q
. (2.2)
By tuning the magnetic ﬁeld B of the corresponding dipoles, a selective beam trans-
mission was realized in BigRIPS based on the Bρ value of fragments focused in the
experiment. Practically, a two-step beam selection with slightly diﬀerent Bρ values in
the D1 and D2 magnets, between which a wedge-shaped degrader was placed to in-
troduce a diﬀerential energy loss for charged particles incident at diﬀerent horizontal
position on the degrader [22], was performed to separate fragments in the BigRIPS
separator.
In order to optimize the beam transmission for the nuclei of interests, the conﬁg-
uration of BigRIPS, such as the dipole magnets and slits at focal planes, was tuned
based on the LISE++ simulation code [83]. According to the simulation, the 9Be target
installed at the F0 focal plane was adopted with a thickness of 3 mm. No thicker target
was preferred because increasing the target thickness would not only increase the pro-
duction yield but also expand the momentum distributions of the reaction products. In
the latter case, the high-momentum tails of the less neutron-rich nuclei would strongly
overlap with that of exotic nuclei because of a larger energy loss straggling in the target,
resulting in a lower purities of the more neutron-rich nuclei in the secondary beam than
that from a thinner target. In the present experiment, the purities of the most exotic
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nuclei are signiﬁcantly important since the total intensity of the secondary beam was
constrained by the background level in the decay spectrum. Thus, a 3-mm-thick target
was employed to optimzie the balance between the production yields and purities of the
exotic nuclei.
In the experimental setting focusing on 78Ni, the Bρ value of D1 (the dipole magnet
between F0 and F1) was set to 8.2410 Tm, which was tunned not only for the production
yields but also for the purities of the nuclei focused in the experiment. Generally
speaking, the Bρ value obtaining the maximum yields of exotic nuclei will lead to a total
beam intensity too strong to measure β-decay half-life with silicon detector (typically
< 100 pps). By increasing the Bρ value of the D1 magnet, the total beam intensity at
the exit of beam line roughly follows an exponential decline, whereas the rates of the
most neutron-rich nuclei decrease linearly. This diﬀerence makes it possible to increase
the relative intensities (purities) of the exotic nuclei in the secondary beam. With the
Bρ such determined, the cocktail beam consisting of neutron-rich nuclei pass through
the slit at the dispersive focal plane F1. The slit was open horizontally from −44 mm to
+64.2 mm, where the negative sign is deﬁned as the left side of the central position seen
from upstream of beam line whereas the positive sign is deﬁned as the right side. The
left side of the F1 slit was adjusted to cut intensities of the less exotic fragments in the
secondary beam, preserving a reasonable total beam rate around 50 pps at the end of the
beam line. Right after the F1 slit, an achromatic degrader was placed to induce energy
losses of nuclei for a further beam separation. The thickness is about 6 mm, which was
decided for a large collection of isotones transmitted through the F2 focal plane with a
reasonable separation. A large coverage of nuclei in the secondary beam was preferred
to make an eﬃcient measurement during the experiment. With the energy domain and
beam optics at RIBF, the horizontal distribution of secondary beams at the F2 focal
plane roughly depends on their neutron number. Thus, the Bρ value of the D2 magnet
was set to 7.6546 Tm to make isotones with N = 50 be centered at the F2 focal plane.
With a slit openning from −17 mm to +14 mm at F2, isotones with neutron number
N = 50 ± 4 were transmitted into the downstream of BigRIPS and ZDS. The beam
proﬁle such obtained, however, manifested a non-smooth horizontal distribution, which
stemmed from the isotonic separation at the F2 focal plane. Since this distribution was
not appropriate for the silicon stopper of the experiment, an 4.5-mm-thick aluminum
degrader was placed at the F5 focal plane to make the fragments uniformly distribute
along the horizontal direction. In the setting focusing on 81Cu, a similar conﬁguration
was obtained following the principle because of the close A/Q and Z compared with
that of 78Ni. Those paramters are summarized in Table 2.2 for both settings.
Beam identification
The second stage of BigRIPS, which is deﬁned between the F3 and F7 focal planes,
is employed together with the ZeroDegree spectrometer to identify all the fragments
transmitted through the beam line. The second stage of BigRIPS consists of eight STQs
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Table 2.2: Summary information for the setup of secondary beam tuning.
Experimental title number RIBF10 RIBF90
Focused nuclide 78Ni 81Cu
Target (9Be) thickness [mm] 3 3
Bρ(D1) [Tm] 8.2410 8.2440
Degrader thickness at F1 [mm] 6 6
F1 slit left [mm] 44 42.8
F1 slit right [mm] 64.2 64.2
Bρ(D2) [Tm] 7.6546 7.6580
F2 slit left [mm] 17 17
F2 slit right [mm] 14 14
Degrader thickness at F5 [mm] 4.5 4.5
Total rate at F11 [/s] ∼40 ∼50
(from STQ7 to STQ14) and four RTDs (from D3 to D6) with a bending angle of 30
degrees. The intermediate focal planes at F4, F5 and F6 are momentum dispersive while
the last focal plane at F7 is doubly achromatic. The ZDS spectrometer is constructed
with two RTDs (D7 and D8) and six STQs (STQ17 to STQ22), of which the magnets
have the same designs as those in BigRIPS. The object point of ZDS is located at the
F8 focal plane. The intermediate focal plane at F9 and F10 are momentum dispersive
while the last focal plane at F11 is fully achromatic. A summary of the information is
listed in Table 2.3.
By placing beam-line detectors at the focal planes along BigRIPS and ZDS, one
can determine the atomic number (Z) and the mass-to-charge ratio (A/Q) of fragments
with a standard means of ∆E-Bρ-TOF [84], in which the energy loss, the magnetic
rigidity and the time-of-ﬂight are measured. The ∆E of a fragment was measured with
a multi-sampling ionization chamber (MUSIC) [85] placed after the F11 focal plane. Two
plastic scintillators were respectively installed at the F3 and F7 focal planes to measure
the time-of-ﬂight (TOF) of a heavy ion. The Bρ value of a fragment was deduced by
combining the Bρ0, the Bρ at the central trajectory, and δBρ of a fragment, which can
be derived from the position measurements at the F3, F5 and F7 focal planes with the
parallel plate avalanche counters (PPAC) [86]. Details of PID analysis will be discussed
in Sec. 3.1.
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Table 2.3: Specification for the second stage of BigRIPS and ZDS.
BigRIPS (second stage)
Spectrometer conﬁguration STQ7-D3-STQ8-F4-STQ9-D4-STQ10-F5
-STQ11-D5-STQ12-F6-STQ13-D6-STQ14-F7
Degrader type Wedge shape at F5
Focal plane F4, F5, F6: momentum dispersive
F7: doubly acromatic
ZeroDegree
Spectrometer conﬁguration STQ17-D7-STQ18-F9-STQ19-STQ20-F10
-STQ21-D8-STQ22-F11
Focal plane F9, F10: momentum dispersive
F11: doubly acromatic
2.1.3 RI implantation
The basic requisition to a β-decay experiment is to ensure the nuclei of interest were
correctly implanted inside the active stopper, which were totally 8-mm-thick silicon
detectors in this work. To suit the requirement, an multiple-layer aluminum degrader
was placed in front of the silicon stopper for the purpose of implanting isotopes with
Z = 26− 32 into the silicon stopper. The total thickness was adjusted by moving each
layer of aluminum plate in or out of beam line individualy during the experiment. The
500-µm-thick aluminum plate allows for a ﬁne tuning of 500 µm per step.
Note that it is not practical to tune the thickness of degrader via monitoring the
stopping ranges of exotic nuclei directly because of their low production cross sections
and, hence, low intensities in the secondary beam. Long beam time had to be devoted
before enough statistics were accumulated. In order to quickly estimate the implantation
depths for the nuclei of interests at the beginning of experiment, fragments of less
neutron-rich nuclei were employed as references, of which the stopping ranges were
similar to the ones with larger neutron excess. Expected stopping ranges of fragments
inside silicon detectors were simulated by the LISE++ calculation presented in Fig. 2.3.
Based on the simulated intensities and range distributions, nuclei selected as references
are listed in Table 2.4 together with the expected depth taken from simulation in Fig. 2.3.
By tunning the total thickness of the aluminum degrader, stopping ranges of references
can be well reproduced by the experimental data. Figure 2.4 shows the experimental
stopping ranges provided by the active stopper (details on the position determination
in silicon detectors will be explained in Sec. 2.2.2 and Sec. 3.4.1) after tunning the
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Fig. 2.3: Range distribution of heavy ions in the DSSSDs simulated by LISE++
with the experimental configuration of BigRIPS.
Table 2.4: Nuclides selected as references to estimate the implantation depths
for nuclei of interests in DSSSDs. The first column lists the name of nuclide while
the second column presents the expected implantation depth from the LISE++
simulation (Fig. 2.3).
nuclide depth (mm) nuclide depth (mm)
84Ga 1 ∼ 3 83Ga 2 ∼ 3
80Zn 3 ∼ 5 78Cu 3 ∼ 6
77Cu 4 ∼ 6 75Ni 5 ∼ 7
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Ga84
0 1 2 3 4 5 6 7 8
Cu78
Ga83
Depth (mm)
0 1 2 3 4 5 6 7 8
Cu77
0 1 2 3 4 5 6 7 8
Zn80
0 1 2 3 4 5 6 7 8
Ni75
Fig. 2.4: Experimental range distributions of references in silicon detectors.
thickness of degrader according to the implantation depths of references. A very good
agreement was achieved between Fig. 2.4 and the simulated result listed in Table 2.4,
indicating that the simulation is reasonable and reliable and, in addition, the nuclei of
interests were implanted at the expected positions in the silicon stopper.
2.2 Detectors
Detectors involved in the experiment can be categorized into two classes: the detectors
mounted along the beam line for particle identiﬁcation and the detectors placed after
the F11 focal plane for decay spectroscopy. Details of each category will be explained
in the following subsections.
2.2.1 Beam-line detectors
The event-by-event particle identiﬁcation was realized by a standard means of ∆E-Bρ-
TOF, from which the atomic number Z and mass-to-charge ratio A/Q can be deduced
for all the fragments transmitted through BigRIPS and ZDS. Relevant detectors involved
in PID were summarized in Table 2.5 together with the focal planes in which they were
mounted.
Parallel plate avalanche counters (PPAC)
To construct the Bρ value of a fragment, precise position measurements at certain focal
planes are required to track the trajectory of the fragment, which was realized by the
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Table 2.5: Detectors involved in the PID analysis. The left column refers to
the type of detector while the right column shows the focal planes in which the
corresponding detectors were mounted.
Detector Mounted focal plane
PPAC F3, F5, and F7
Plastic scintillator F3 and F7
MUSIC F11
Fig. 2.5: Exploded view of the delay-line PPAC.
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delayed-line PPAC detectors developed at RIKEN [86]. An exploded view of the PPAC
is drawn in Fig. 2.5. An anode plate is located between two cathodes, of which every two
neighboring strips are connected with each other by delay-lines. Each cathode consists
of forty 2.4-mm-width strips with 150-µm inter-strip spacing. The PPAC involved in the
experiment had an active area of 240×150 mm2 to suit for the beam proﬁle of BigRIPS.
Gaseous C3F8 at a pressure of 30 Torr was ﬁlled in the PPAC, on which an operating
anode bias voltage (Va) of less than 2000 Volts was applied. Analogue signals from
all the readout channels (X1, X2, Y1, Y2, and A) were delivered to a constant fraction
discriminator (CFD) before being read by a Time-to-Digital Converter (TDC). The
hit position on a PPAC in the X(Y ) direction was calculated from the time diﬀerence
between X1(Y1) andX2(Y2). The performance of the detector had been tested by various
beams at diﬀerent energies and intensities at RIKEN and GSI. The detection eﬃciency,
position (mm) and timing (ns) resolutions were determined as > 99%, 0.9 and 1.2,
respectively [86].
Two sets of PPACs were mounted at the respective focal planes of F3, F5 and
F7, to measure both positions and angles of a fragment relative to the beam direction.
Relevant analyses to reconstruct the Bρ value will be given in Sec. 3.1 in details.
Plastic scintillator
The TOF of a heavy ion was measured by two plastic scintillators respectively placed
at the F3 and F7 focal planes, between which a 46.976-meter-length ﬂight path was
provided. Signals were read by the PMTs on both sides of the plastic scintillators and
delivered into QDC and TDC for the charge and timing measurements. The time a
particle hitting the plastic scintillator was deduced by averaging the timing signals from
left and right sides of the scintillator to cancel the position-dependent variation in the
timing measurement,.
Multi-sampling ionization chamber (MUSIC)
The F11 MUSIC was dedicated to measure the velocity-dependent energy loss (∆E)
of a heavy ion before being implanted into the silicon detectors. The structure inside
a MUSIC is drawn in Fig. 2.6, which is taken from Ref. [85]. Twelve anode planes
and thirteen cathode planes are alternately placed in 20-mm steps. Totally 24 parallel
plate ionization chambers are tacked together back to back. The segmented ionization
chamber helps for achieving a high counting rate by reducing the drifting distance
and, hence, drifting time of electrons and ions produced by charged particles. The
electrode planes are tilted 30◦ toward the center axis, as shown in Fig. 2.6, to avoid the
recombination of electrons and positive ions liberated from the gas along the particle
trajectories. A gas mixture of Ar–CH4 (90%, 10%; purity> 99%) was used as the
counter gas of the experiment with a 48-cm-length passage. The whole assembly of the
electrodes is housed in an aluminum vessel, of which the entrance and exit windows are
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Fig. 2.6: Cross-sectional view of the MUSIC.
attached by a 50-µm-thick kapton sheet, respectively. In order to reduce the number of
output connectors, pairs of anode electrodes are connected together electrically inside
the chamber and the summed anode signals of each set of four ionization chamber units
are taken out through six separate feedthroughs, which were read by six channels of
peak-sensitive ADC.
2.2.2 Detectors for decay spectroscopy
In order to investigate the β-decay properties around 78Ni, the detector system is re-
quired to provide high detection eﬃciencies and good energy resolutions for both γ
rays and β particles. To fulﬁll these demands, an experimental setup based on the
EUROBALL clusters array [79] was developed for this work. Eight pieces of highly
segmented silicon detectors were employed as the beam stopper which was mounted at
the center of twelve γ-ray clusters. In the present experiment, the γ-ray detector array
was named as EURICA for the meaning of EUROBALL RIKEN Cluster Array.
WAS3ABi silicon array
To exploit the large momentum acceptance and high implantation rate for the decay ex-
periment at RIBF, a beam stopper consisting of eight layers of 1-mm-thick double-sided
silicon strip detectors (DSSSDs, Canberra PF-CT-CD) was assembled and engaged in
this work to stop the ﬁssion fragments of 238U. The silicon array was called WAS3ABi
for the meaning of Wide-range Active Silicon-Strip Stopper Array for Beta and ion
detection [87]. Passivated ion implanted silicon detectors were employed for the char-
acterisations of a thin entrance window and a low leakage current which reduces the
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Fig. 2.7: Picture of WAS3ABi silicon detector.
electronic noise. For the detection of a low-energy electron (≤ 200 keV), it has, there-
fore, a superior sensitivity and energy resolution. Each piece of silicon detector has
an active area of 60 × 40 mm2, which is segmented into forty 1-mm strips vertically
and sixty 1-mm strips horizontally. As a reminder of Chapter 1, the total implantation
rate of a decay experiment is limited by the magnitude of background from accidental
coincidences between implanted ions and β particles. The highly segmented silicon de-
tector array in the present work allows for an implantation rate roughly 10 times greater
than that of the ﬁrst decay experiment performed at RIBF in 2009 [72–75], of which
the silicon detectors were segmented into 16 × 16 by 3-mm-width strips. Eight pieces
of silicon detectors were assembled face to face successively with a 0.5-mm interspace.
Mounting DSSSDs as compact as possible was for the purpose of detecting the electron
emitted by a heavy ion implanted in a neighboring DSSSD, in which the energy loss
of the electron was, in case, not great enough to be discriminated by the logic circuit
of the system. Namely, a higher β-detection eﬃciency can be achieved by including
the correlation between implantations and β particles detected in neighboring silicon
detectors. During the experiment, eight channels of high voltage (HV) around 250 Volts
was applied to respective DSSSD to fully bias the silicon detectors.
Figure 2.7 shows a picture of the silicon detectors, which were supported by four
long rods attached to the aluminum frame of the WAS3ABi chamber. On each rod,
two bolts were screwed at upstream and downstream of the silicon stack respectively to
ﬁx the position of silicon detectors. The interspace between neighboring DSSSDs was
preserved by a 0.5-mm-thick washer on the rod. As shown in Fig. 2.8, each rod consists
of three parts: a shorter one in the middle and two longer ones at sides. This design
was dedicated to an easy and quick substitution of any single silicon detector. The
picture of WAS3ABi silicon detetors with completed cabling inside chamber is drawn
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Fig. 2.8: The design of the rod make it easily and quickly to change any single
DSSSD in the stack.
Fig. 2.9: Overview of silicon detectors with completed cabling.
in Fig. 2.9. Cables from DSSSDs were divided into two groups, of which the readout
signals were connected to the feedthroughs at upstream and downstream of the chamber,
respectively. The WAS3ABi frame was covered by a 0.5-mm-thick aluminum plate as
a light shield which was designed to avoid the absorbtion of low-energy γ rays emitted
from silicon detectors as much as possible. A cooling gas of N2 was ﬂowing through
the chamber during the experiment to reduce the temperature and leakage current of
silicon detectors, which helped to achieve a lower noise level for the detectors.
For the upstream four silicon detectors, a fully readout was adopted whereas every
two neighboring strips on the ground sides of downstream four DSSSDs were merged
electrically into one output to reduce the number of electronics in the experiment.
Totally, 680 channels of silicon detectors were recorded in the experiment.
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Fig. 2.10: Scheme of electronics readout for DSSSD of WAS3ABi.
A schematic diagram of electronics, including the logic and readout circuits, of the
silicon detectors is drawn in Fig. 2.10. In order to achieve a good signal-to-noise ratio,
the charge signal from a silicon strip was ﬁrstly ampliﬁed by a charge-sensitive preampli-
ﬁer (CS AMP-3) closely mounted outside the WAS3ABi chamber. The ampliﬁed signal
was then delivered into a shaping ampliﬁer, from which one output signal was recorded
by a peak-sensitive ADC for the energy measurement whereas another analogue output
was discriminated and transformed into a logic signal for the time measurement and
gate/trigger generation of the DAQ system.
The charge-sensitive preampliﬁers in the present experiment were developed based
on the original ones employed in the 2009 decay experiment [72–75]. For the following
discussion, a general schematic diagram of a charge-sensitive preampliﬁer is drawn in
Fig. 2.12(a). Two modiﬁcations were attempted to suit for the requirements of this
experiment:
(i) Removing the high-gain, low-gain splitters from the original pream-
plifiers. One of the main diﬃculties in designing the preampliﬁers coupled with silicon
beam stopper is the great diﬀerence in energy loss between an implanted heavy ion (≈
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Fig. 2.11: Principle of position determination of implantation with TDC only.
1 GeV) and an emitted β particle (≈ 300 keV) in the detector. Normally, energy loss
by a heavy ion was required to deduce the implantation position in a silicon detector
while the energy of a β particle was made use for generating the trigger of DAQ system
and identifying the β particle in the data analysis. To increase the dynamical range
of the energy measurement, one either employs a logarithmic preampliﬁer [88] or splits
the charge signal from a silicon detector into diﬀerent preampliﬁers with diﬀerent gains,
measuring the energies of an implantation (low gain) and a β parcile (high gain), re-
spectively [?]. However, none of those solutions were practical in this work due to the
large amount of channels (∼ 700) to be recorded and the limited number of pream-
pliﬁers available to the experiment. In order to overcome the diﬃculty with limited
resources, the energy measurement for implantation was discarded and , hence, the im-
plantation position was determined by exploiting the timing signals of silicon detectors.
The principle can be illustrated by Fig. 2.11. With the expected walk eﬀect of a lead-
ing edge discriminator, timing of the logic output strongly depends on the amplitude
of analogue input signal. Namely, a stronger analogue input corresponds to a faster
logic output, which was regarded as the strip hitted by a heavy ion directly because
of the largest energy deposition compared with neighboring strips in the same DSSSD.
Detailed discussion on the position determination with timing signals will be given in
Sec. 3.4.1.
(ii) Reducing the feedback resistance in the preamplifiers. Since the energy
loss of an implantation was not measured during the experiment, the analogue signal
from a DSSSD was dedicated to the low energy measurement for a β particle, which
typically losses a few hundreds of kiloelectron volts in a 1-mm-thick silicon detector.
Because the preampliﬁer was operated in such a small dynamial range, a saturated
signal with an extremely long recovery (dead) time would be induced by the large
energy deposition of a heavy ion in the DSSSD. The corresponding dead time varied from
32 CHAPTER 2. EXPERIMENT
(a) Schematic diagram of a charge sensitive preamplifier, in which the Rf and Cf stand for the feedback
registor and capacitor, respectively.
(b) Comparison of dead time between preamplifiers with 1 MΩ (left) and 1 GΩ (right) feedback resistors
tested by the secondary beam consisting of nuclei around 100Sn.
Fig. 2.12: Charge sensitive preamplifier.
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microseconds to milliseconds, depending on the magnitude of the charge signal and the
value of feedback resistance, which aﬀect the period to release the accumulated charges,
in a preampliﬁer. For the present experiment, a long dead time after an implantation
could be particularly critical because of the short decay time of the implanted ion.
To optimize the conﬁguration of the preampliﬁer, several tests with diﬀerent sets of
feedback resistors were performed. Neither too big nor too small resistence was adopted
in the preampliﬁer to achieve a relatively short dead time after an implantation with
reasonablly good signal-to-noise ratio. Finally, a 1-MΩ feedback resistor was coupled
with a 4-pF feedback capacitor in the preampliﬁer in this experiment. Figure 2.12(b)
shows a comparison of dead time after an implantation observed by oscilloscope. The
one on the left was obtained with 1-MΩ feedback resistence while the one on the right
was obtained with 1-GΩ feedback resistence which was involved in the experiment in
2009. According to the result, a dead time of 300 µs was achieved by preampliﬁers with
1-MΩ resistance which was much shorter, about a factor of 10, than that with 1 GΩ. The
test was performed with a secondary beam consisting of nuclei at Z ∼ 50 from projectile
fragmentation of 345-MeV/nucleon 124Xe beam. Since the energy loss of fragments in
the test was comparable with the situation of the present experiment, the testing result
showed convincingly that taking advantage of 1-MΩ feedback resistance in preampliﬁers
was reasonable to construct the β-counting system with short implantation-induced dead
time.
After the preampliﬁer, a shaping ampliﬁer (CAEN N568B) was employed to im-
prove the shape of the signal for a good energy resolution. A 0.2-µs shaping time
was adopted for the shaping ampliﬁer while the coarse gain was set to the maximum to
achieve the best digital resolution in the ADC. Two bunches of outputs were available on
the module, which provided outputs with gains diﬀered by a factor of 10 simultaneously.
To increase the discrimination eﬃciency of the logic circuit, outputs with greater gain
factors were conducted to a leading edge discriminator, from which a logic OR including
all the strips on a single side of silicon detector was obtained. A logic AND between
the ground and bias OR was required for each silicon detector to reduce the thresholds
of the discriminator, which were adjusted to achieve a counting rate of less than ﬁve
counts per second (cps) for respective DSSSD without radiation source. Timing of a
logic signal was measured by a long-range multi-hit TDC (CAEN V1190), to which a
50-µs-width time window was provided. The main purpose of the time measurement
was to extract the implantation position as discussed previously. Besides, the outputs
from the shaping ampliﬁer with a normal gain factor were recorded by a peak-sensitive
ADC (CAEN V785) for the energy measurement of β particles. A 8-µs-width gate was
opened by the trigger of DAQ system (will be discussed in Sec. 2.3) to measured the
amplitude of shaped signal in ADCs.
EURICA γ-ray detectors
The chamber of beam stopper was surrounded by 84 High-purity Germanium (HPGe)
crystals arranged in 12 clusters. Figure 2.13 shows the conﬁguration of the Ge clusters
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Fig. 2.13: Picture of the γ-ray clusters (left half seen from upstream) together
with WAS3ABi mounted along the beam line.
with WAS3ABi mounted at the center of sphere. The clusters were arranged in three
rings at 51◦ (ﬁve clusters), 90◦ (two clusters) and 129◦ (ﬁve clusters) relative to the
beam axis. Each cluster consisted of seven Ge crystals packed closely, of which the
conﬁguration is illustrated in Fig. 3.8 in next chapter. The electronic readout was
identical to the previous setup involved in the RISING campaign at GSI [79]. The
signal from a Ge crystal was divided by the preampliﬁers into two channels for the
energy and timing measurements, respectively. The signal in the energy branch was
processed by a digital γ-ﬁnder (DGF) module of XIA [89]. A 6-µs shaping time and
100-µs-width gate were adopted for the DGF to measure the energy of a γ-ray following
a β decay. With a γ-ray source 60Co, an average energy resolution of 3 keV FWHM at
Eγ = 1332.5 keV was achieved by the full cluster array prior to the experiment. The
timing branch of the cluster detector, on the other hand, was composed of a timing ﬁlter
ampliﬁer (TFA), a CFD, and a TDC. To provide reasonablly good timing resolutions for
a broad dynamical range, two types of TDCs with diﬀerent time windows were employed
in the DAQ system simultaneously. The short-time range after an accepted trigger was
covered by the TDC (CAEN V775) with a short time window (∼ 1 µs), which provided
a timing resolution of 0.31 ns per channel. Signals in a long-time range after trigger was
taken by the TDC (CAEN V767) with a long time window (800 µs), of which the digital
resolution was 0.73 ns per channel. In addition, timing signals were also recorded by
DGFs, in which a digital resolution of 25 ns per channel was achieved. As a summary,
the details of EURICA electronics is drawn in Fig. 2.14.
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Fig. 2.14: EUROBALL block diagram electronics.
2.3 Data acquisition (DAQ) system
To improve the eﬃciency and reduce the dead time during the data taking, three in-
dependent DAQ systems were operated in parallel to record data independently. The
BigRIPS and WAS3ABi DAQ systems were based on Babirl [90] which was developed
at RIKEN fulﬁlling various requirements from the experiments performed at RIBF. In
contrast, the DAQ system of EURICA utilized the Multi-Branch System (MBS) [91] to
collect the data from readout modules. Since the data from diﬀerent DAQ systems were
stored in diﬀerent formats and ﬁles, an absolute time information called timestamp was
recorded on an event-by-event basis by a LUPO module, which was installed in each
DAQ system for the time synchronization [92]. With the absolute time information, data
triggered by the same physical event but stored in diﬀerent ﬁles can be reconstructed in
the oﬄine analysis. The timestamp has a digital resolution of 10 ns per channel, which
was suﬃciently short compared with the time interval between two physical events (in
an order of milliseconds) taken by the DAQ systems during this experiment.
The DAQ system for BigRIPS covered all the beam-line detectors, including PPACs,
plastic sintillators, and MUSIC. The master trigger of the BigRIPS DAQ was taken from
the plastic scintillator placed at the F7 focal plane.
All the energies and timing signals from silicon detectors were recorded by 23
CAEN V785 ADCs and 6 CAEN V1190 TDCs arranged in two VME crates. Data from
those two crates were read in serial by a VMI/VME controller installed in the master
VME crate. A dead time of less than one millisecond was expected for an implantation
event. With a proper zero suppression (threshold) adjustment for ADCs, a dead time
of less than 500 µs could be achieved for a beta-decay event. The master trigger of the
WAS3ABi DAQ system was obtained from the logic OR between the plastic scintillator
at F11 and a SUM of front-back coincidence over eight pieces of DSSSD. The application
of front-back (or ground-bias) coincidence for each DSSSD beneﬁted a low threshold at
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80 keV per strip of DSSSDs.
The master trigger of the EURICA DAQ system was identical to that of the
WAS3ABi DAQ system, which took the logic OR between the F11 plastic scintilla-
tor and the silicon detectors. The hybrid trigger was employed to measure both the
isomeric γ rays and β-delayed γ rays. The XIA DGF modules in the CAMAC crates
were controlled by a RIO3 computer [93] installed in the VME crates which sent recorded
data to a local event server for both online monitoring and oﬄine data taking.
2.4 Summary of run conditions
Two major settings called RIBF10 and RIBF90 were performed in the 13-day beam time
to complete the measurement around 78Ni. Information on the BigRIPS conﬁguration
has been summarized in Table 2.2, while the run conditions of those two settings are
listed in Table 2.6.
Table 2.6: Summary of run conditions.
Experimental title number RIBF10 RIBF90
Primary beam 238U86+ 238U86+
Beam energy [MeV/nucleon] 345 345
Time of data taking [hour] 170 140
Total implantations [particle] 1.3× 107 1.5× 107
Focused nuclide 78Ni 81Cu
Number of implanations [particle] 4165 4706
Chapter 3
Data analysis
Detailed procedure for the data analysis is given by this chapter, which are organized as
follows. Section 3.1 presents the procedure to obtain the particle identiﬁcation (PID) of
a fragment implanted in the active stopper. Section 3.2 discusses the energy and timing
calibrations for the detectors dedicated for decay spectroscopy. Section 3.3 explains the
process merging data from diﬀerent DAQ systems. Section 3.4 introduces in details
how to perform a correlation between an implanted heavy ion and a subsequent β decay
detected by the silicon detector.
3.1 Particle identification
As discussed in Sec. 2.1.2, a large number of ﬁssion products with diﬀerent A and Z
were implanted into WAS3ABi even though the secondary beams had been puriﬁed
by the ﬁrst stage of BigRIPS. Thus, a PID was necessary to tag all the implanted
fragments for the analysis afterwards. The PID provided the atomic number Z and
mass-to-charge ratio A/Q of a fragment by measuring the energy loss, magnetic rigidity
and time-of-ﬂight (∆E-Bρ-TOF) with the corresponding beam-line detectors.
3.1.1 Determination of atomic number Z
The Atomic number Z of a heavy ion was deduced based on the energy loss of the
charged particle in the F11 MUSIC introduced in Sec. 2.2.1. The energy loss of a heavy
ion in an unit thickness of material can be described by the Bethe formula [94], which
is written as
− dE
dx
=
4πe4
mec
2Naρ
Zm
Am
Z2
β2
[
ln
2mec
2β2
I
− ln (1− β2)− β2] , (3.1)
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with the parameters in the case of this experiment
e =
√
1.4399764 MeV1/2fm1/2 : electron charge;
me = 0.511 MeV : electron mass;
Na = 6.022× 1023 mol−1 : Avogadro′s number;
ρ = 1.562× 10−3 g/cm3 : density of the counter gas;
dx = 48 cm : effective thickness of the counter gas;
Zm = 18 : atomic number of the counter gas;
Am = 39.948 g/mol
−1 : atomic mass number of the counter gas;
I ≈ 16(Zm)0.9 eV : mean excitation potential of the counter gas;
Z : atomic number of heavy ion;
β : velocity (v/c) of heavy ion.
From Eq. (3.1), the formula calculating the atomic number Z is given by
Z = C1β
√√√√√ ∆E
ln
(
2mec
2β2
I
)
− ln (1− β2)− β2 + C2 (3.2)
where C1 and C2 are parameters need to be calibrated from the experiment.
The variable ∆E in Eq. (3.2) was calculated from the geometric mean value of the
multiple-sampled energy losses in the F11 MUSIC while the velocity β of the heavy ion
in the MUSIC could be derived from the TOF between the F3 and F7 focal planes.
Since there was an Al degrader placed at the F5 focal plane, the TOF between the F3
and F7 can be divided into two parts
TOF37 =
L35
β35c
+
L57
β57c
, (3.3)
where
L35 : flight path between the F3 and F5 focal planes;
L57 : flight path between the F5 and F7 focal planes;
β35 : velocity (v/c) between the F3 and F5 focal planes;
β57 : velocity (v/c) between the F5 and F7 focal planes.
On the other hand, an expression
Bρ35 ×
e
uc
× 1
β35γ35
=
A
Q
= Bρ57 ×
e
uc
× 1
β57γ57
(3.4)
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can be obtained based on Eq. (2.2), with
Bρ35 : the Bρ of the particle between the F3 and F5 focal planes;
Bρ57 : the Bρ of the particle between the F5 and F7 focal planes;
γ35 :
1√
1− β235
;
γ57 :
1√
1− β257
.
Combining Eqs. (3.3)−(3.4), it is straightforward to come to
β35 =
−B +
√
B2 − 4AC
2A
, (3.5)
with
A = (TOF37)
2c2 + (R212 − 1)L257;
B = −2L35(TOF37)c;
C = L235 −R212L257;
R12 =
Bρ35
Bρ57
,
and
β57 =
−B′ +
√
B′2 − 4A′C ′
2A′
, (3.6)
with
A′ = (TOF37)
2c2 + (R221 − 1)L235;
B′ = −2L57(TOF37)c;
C ′ = L257 − R221L235;
R21 =
Bρ57
Bρ35
.
Since there was no more material (detector) along the beam line between the F7 and
F11 focal planes, the velocity β57 was regarded as the velocity in the F11 MUSIC which
was involved in Eq. (3.2) to deduce the atomic number Z of a fragment.
The spectrum showing the energy loss∆E such obtained as a function of TOF37 and
Z can be found in Fig. 3.1(a), from which one can clearly see the β- and Z-dependence
in the ∆E measurement. The atomic number Z = 28 assigned in Fig. 3.1(a) is based
on the observation of 992-keV isomeric γ decay emitted from 76Ni nuclei [68], which
were delivered by the secondary beam. Atomic numbers of other isotopes can then
be assigned relatively. By calculating Eq. (3.2) with β57 given by Eq. (3.6), the β
dependency can be well removed from the obtained atomic number Z of the charged
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Fig. 3.1: (a): Energy loss (in MeV) in the F11 MUSIC as a function of TOF (in
unit of ns) between the F3 and F7 focal planes. (b): Atomic number Z deduced
from Eq. (3.2) as a function of TOF (in unit of ns) between the F3 and F7 focal
planes. The atomic-number assignment of Z = 28 in (a) is based on the observation
of 992-keV isomeric γ-decay emitted from 76Ni [68] nuclei, which were delivered
with the secondary beam. Other Z numbers can then be assigned relatively.
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particle. Since the atomic numbers have been assigned in Fig. 3.1(a), one can easily
calibrate parameters in Eq. (3.2), of which the results are presented in Fig. 3.1(b) with
the calibration parameters C1 = 7.85232 and C2 = 2.56677.
One thing noteworthy is the strong dependence between the gain factor of the
MUSIC and the temperature of the counter gas. Since the temperature of the MUSIC
varied along with the room temperature which was not constant, a continuous gain shift
in the energy measurement of MUSIC was observed during the experimental beam time.
To achieve a better resolution in determining Z, a cancellation of the gain shifts was
carried out by applying a scaling factor run-by-run to the energy measured by MUSIC.
A diagram is drawn in Fig. 3.2, plotting a relative energy loss (normalized by run #1099)
of a speciﬁc sample in the secondary beam as a function of experimental run number.
The run number #1099 was set as a reference since it had an intermediate gain factor
between the maximum and minimum gains obtained during the experiment. By scaling
the energy loss on a run-by-run basis, the averaged energy losses measured by all the
other run numbers were aligned to the reference before deducing the atomic number Z
of reaction products.
3.1.2 Determination of A/Q
The principle to determine the A/Q of a fragment was based on the trajectory of the
charged particle in a homogenous magnetic ﬁeld imposed by the dipole magnet. As
shown in Eq. (2.2), the relationship between the magnetic rigidity (Bρ), velocity (v),
electric charge (q) and mass (m0) of a heavy ion can be written as:
Bρ =
p
q
=
γm0v
q
=
γuv
e
· A
Q
, (3.7)
with γ = 1/
√
1− β2;
u : mass per nucleon in the rest frame;
e : elementary charge;
A : mass number;
Q : charge number.
According to Eq. (3.7), it can be determined if the Bρ and velocity of the heavy ion
were known. The velocity was derived from the TOF from the F3 to F7 focal planes
with a total ﬂight path of 46.976 meters. The timing of a fragment passing through
the plastic scintillator was obtained, as expressed in Eq. (3.8), by averaging the timing
signals from two sides of the scintillator.
PlasticTime =
PlasticTimeLeft + PlasticTimeRight
2
(3.8)
The merit of using Eq. (3.8) is the independence between the hit position by a charged
particle and the obtained timing of the plastic scintillator. With the time such obtained
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from the plastic scintillators, it is straightfoward to derive the TOF between the F3 and
F7 focal planes with
TOF37 = PlasticTime(F7) − PlasticTime(F3) + Toffset (3.9)
The oﬀset Toffset can be calibrated by the known TOF of fragments with speciﬁc A/Q
values moving along the central trajectory between the F3 and F7 focal planes.
The Bρ value of a fragment, as written in Eq. (3.10), can be derived from the Bρ0,
which is the magnetic rigidity along the central trajectory between the F3 and F5 (or
F5 and F7) focal planes, plus the momentum dispersion δ of the fragment.
Bρ = (1 + δ)Bρ0 (3.10)
In the equation, the momentum dispersion δ of the charged particle, which can be
written as (Bρ− Bρ0)/Bρ0, was proportional to the horizontal position of the particle
at a momentum dispersive focal plane such as F5. Therefore, the position measurement
of a heavy ion was carried out by the PPACs placed at the F3, F5, and F7 focal planes
to determine the momentum dispersion of the particle. A general expression considering
the relationship between the horizontal positions at two successive focal planes, in which
one is momentum dispersive and the other is momentum achromatic, can be written
as Eq. (3.11), which neglected the eﬀects from the vertical (y) direction for the sake of
simplicity.
xF5 = (x|x)xF3 + (x|θ)θF3 + (x|δ)δ (3.11)
The subscript F3 was omitted in δ because the momentum dispersion of a heavy ion was
preserved during the beam transmission between focal planes. The parameters (x|x),
(x|θ), and (x|δ) were obtained from the transmission optical matrices of BigRIPS. The
variables x and θ stand for the horizontal positon and scattering angle of a heavy ion
at the focal plane denoted by the subscript. Since PPACs were mounted with certain
distances oﬀ the real focal plane, two PPACs around each focal plane were employed to
extrapolate the horizontal position and scattering angle of a fragment at the real focal
plane based on the measurements at the PPAC’s positions. Taking PPACa and PPACb
at the F3 focal plane as an example, the x and θ measured by PPACs and the deduced
values at the F3 focal plane were given by
xPPAC = c× (tLeft − tRight + t˜offset), (3.12)
θPPAC = arctan
(
xPPACb − xPPACa
l
)
, (3.13)
xF3 =
(
xPPACb − xPPACa
l
)
d+ xPPACb, (3.14)
θF3 = θPPAC. (3.15)
Here, tLeft and tRight correspond to the timing of cathode signals from the left and
right ends of the PPAC while the t˜offset is a constant representing the oﬀset of the time
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Fig. 3.3: The A/Q distributiin of Z = 28 isotope.
diﬀerence between the two cathode signals. The constant c is a conversion coeﬃcient
from a time diﬀerence into a position which corresponds to one half of the speed of
signals traveling through the delay line. The variable l represents the distance between
PPACa and PPACb, with a positive sign if PPACb located at downstream of PPACa.
The distance between PPACb and the F3 focal plane, which is denoted as d, will be
positive if the F3 focal plane is at downstream of PPACb. By substituting Eq. (3.11)
into Eq. (3.10), an equation calculating Bρ is given by
Bρ =
(
1 +
xF5 − (x|x)xF3 − (x|θ)θF3
(x|δ)
)
Bρ0. (3.16)
Combining Eq. (3.16) with Eq. (3.7), one can obtain
A
Q
=
1
β35γ35
× e
uc
×
(
1 +
xF5 − (x|x)xF3 − (x|θ)θF3
(x|δ)
)
Bρ0, (3.17)
where the variables β35 and γ35 are explained in Eqs. (3.3)−(3.4).
A typical result of Eq. (3.17) is presented in Fig. 3.3, which shows the distribution
of A/Q gated by the Z = 28 isotopes. Again, the mass number was calibrated by the
nuclei 76Ni from which the isomeric γ decay can be observed by the EURICA γ-ray
detector array. After determining the absolute A/Q for 76Ni, the mass number of other
nuclei can be easily derived by A = Z × (A/Q) for fully stripped fragments, which were
always the cases in the 78Ni region because of the low Z number.
44 CHAPTER 3. DATA ANALYSIS
3.1.3 Improvment for PID
After obtaining Z and A/Q for a heavy ion through the procedure introduced above,
several approaches were employed for the background reduction as well as improvements
for the A/Q and Z resolutions in the PID plot.
Gate on TSumX/Y
The formula given by Eq. (3.12) to derive the position of a fragment with PPAC is
valide only for a “good” event, which is deﬁned as a single-hit event. Occasionally, a
pile-up (or multi-hit) event may happen in the PPAC, from which an incorrect position
will be deduced by the previous analysis, reducing the position resolution of a PPAC.
To exclude such multi-hit events in PPAC, a variable called TSumX was deﬁned as
TSumX = tLeft + tRight − 2 ∗ t(A), (3.18)
where tLeft, tRight, and t(A) stand for the timings from the left, right sides of cathode
and the anode, respectively. Since tLeft − t(A) and tRight − t(A) represent the periods
that a signal transported from the hit position to both sides of the cathode, the sum
of these two values is proportional to the total length of the delay line. Therefore, a
smaller TSumX than that of a single-hit event will be given by the the event in which
the PPAC was hit by two particles at the same time. A typical histogram of TSumX
is shown in Fig. 3.4(a) with an arbitrary unit. As seen from Fig. 3.4(a), the multi-
hit events generated a long tail in the histogram to the left of the main peak. Thus,
a cut, which is drawn as the red lines in Fig. 3.4(a), was applied to select single-hit
events located within the gate to remove multi-hit events from the analysis afterwards.
The analysis to the up-down direction of the cathod, of which the relevant variable is
called TSumY, could be introduced similarly. Totally, six PPACs at the F3, F5, and
F7 focal planes were imposed by the conditions TSumX/Y, after which the event loss
is about 5%. The result after applying the TSumX/Y gates in the A/Q puriﬁcation is
exhibited in Fig. 3.4(b). The histogram obtained without TSumX gates are ﬁlled with
light blue whereas the histogram with TSumX/Y gates are ﬁlled with red. A signiﬁcant
improvement by the TSumX/Y gates can be found at the tails of each Gaussian peak
with a better resolution than that without TSumX/Y gates.
Background in the Z determination
According to Eq. (3.1), a fragment suﬀering proton removal reaction before the F11
focal plane will loss less energy in the F11 MUSIC because of the lower Z number after
the reaction. If the reaction takes place after the F7 focal plane, the fragment will
become the contamination of other nuclide which has a similar A/Q value but a smaller
Z number compared with the original nuclide. In order to remove such contaminations
from the data analysis, a comparison between two independent PID plots was carried
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Table 3.1: Relative resolving power of atomic number Z (δZ/Z).
Z 26 27 28 29 30 31 32
δZ/Z (%) 0.53 0.52 0.52 0.50 0.49 0.48 0.46
out. One is the histogram of horizontal position at F3 (F3X) as a function of A/Q
(in Fig. 3.5(a)) while the other one is the histogram of atomic number Z as a function
of A/Q (in Fig. 3.5(b)). It is clear to see from Fig. 3.5(a) that fragments were well
separated by A/Q and F3X in the histogram, among which the cluster corresponding
to 80Zn was gated by a black solid circle. With the gate applied to 80Zn in Fig. 3.5(a),
not only the fragments concentrated at Z = 30 but also scattered points with Z 6= 30
were observed in the red solid circle in Fig. 3.5(b), of which the atomic number Z was
deduced based on the energy loss at the F11 MUSIC. It is easy to conclude that the
fragments identiﬁed as 80Zn up to the F7 focal plane but Z < 30 at the F11 focal
plane were ascribed to the proton removal reaction taking place between the F7 and
F11 focal planes. In contrast, the events with Z > 30 in Fig. 3.5(b) were originated
from the limited acceptance of the F11 plastic scintillator in the experiment. If a heavy
ion hit the relatively thick aluminum frame of the plastic scintillator, an abnormally
large energy loss will be induced in the frame compared with that in the central part
of the scintillator. This, therefore, resulted in a slower velocity of the particle than
that measured between the F3 and F7 focal planes. Since the energy loss of a charged
particle inversely proportional to its velocity, the Z number such obtained would be
shifted to a higher atomic number due to the overestimation of velocity inside the
MUSIC. Finally, events with both Z > 30 and Z < 30 in Fig. 3.5(b) were excluded to
prevent possible ambiguity in the PID plot. As a general gate, which is called secondary-
reaction gate in the following discussion, for all the nuclides including 80Zn, only particles
with consistent identiﬁcations between A/Q vs. F3X and A/Q vs. Z were accepted in
the PID plot. About 5% events were excluded by the secondary-reaction gate from the
analysis afterwards. The Z distribution before and after applying the secondary-reaction
gate can be found in Fig. 3.6. Distribution obtained with the secondary-reaction gate
is drawn in red while the one without the gate is drawn in black. Even though the
improvement at the central part of the spectrum is not much noticeable, a reduction of
the background can be seen at Z > 32, showing that the yield of real Z = 33 events
were limited in the experiment.
After applying all the corrections and gates, the ﬁnal PID plot is drawn in Fig. 3.7.
By projecting the PID plot on the Z axis, the relative resolutions δZ/Z (δZ is the
standard variance of the Z distribution) of the atomic number Z for nuclei with Z =
26− 32 are obtained and exhibited in Table 3.1, from which an average resolving power
of 0.50% is achieved. The average A/Q resolution is derived as 0.06%, which is ﬁne
enough to separate the charge-states contaminations with A
′
Q
′ = A−3Z−1 from the fragments
with A
Q
= A
Z
. For each nuclide, an elliptic gate centered at the expected (Z,A/Q)
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Fig. 3.8: Schematic plot illustrating the addback algorithm applied to the Ge
crystals within one cluster.
position was created to select the nuclide of interest from others. Since all the elements
are well separated from each other, the main axis of the ellipse was chosen as ±2σ in
the Z direction (vertical) and the minor axis is ±3σ in the A/Q direction (horizoncal).
According to the Gaussian distribution, 94% of a speciﬁc nuclide are included by the
selection. To estimate the relative background in the PID gate, an elliptic gate with the
same area but oﬀ the central (Z,A/Q) values was introduced to gate on background
events in the neighboring area. As shown in Fig. 3.7, background levels in two typical
nuclides 80Zn and 78Ni were estimated with 1.3h and 1.8h respectively, which were
suﬃciently low for the analysis afterwards. A total number of 14000 78Ni ions were
identiﬁed from the PID plot after 13 days of beam time.
3.2 Calibration of detectors
3.2.1 Addback of cluster detectors
Before going into details of energy and eﬃciency calibrations of γ-ray detectors, it is
worthwhile to introduce the addback algorithm applied to the analysis. With the γ-ray
energies interested in this experiment, the Compton scattering eﬀect between the γ ray
and Ge crystals is not avoidable in the γ-ray detection. Thus, it is worthy to reconstruct
the full energy peak of a γ ray by adding energies scattered into diﬀerent Ge crystals
together to retain a relatively higher eﬃciency than that without addback. Figure 3.8
presents the basic idea of the addback algorithm applied within one cluster. The γ rays
detected in two or more adjacent crystals within 500 nanoseconds were identiﬁed as
a single γ ray scattered by the Compton eﬀect whereas the energies detected in non-
neighboring crystals or outside the 500-ns time window were regarded as independent
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Fig. 3.9: Spectrum of 152Eu used for the energy calibration of cluster detectors.
The peaks marked by asterisk ∗ were involed in the fitting process.
γ-ray events. Timing of an addback γ ray were determined by the crystal with great-
est energy deposition compared with neighboring crystals. Relevant results with and
without addback algorithm will be presented in following sections.
3.2.2 Energy calibration of cluster detectors
The energy calibration of cluster detectors were carried out by using a standard 152Eu
radiation source. To cover a relatively large energy range for the calibration, six γ peaks
with transition energies of 121.8, 244.7, 344.3, 778.9, 964.1 and 1408.0 keV were ﬁtted
by a linear function
Eγ = a · ch + b, (3.19)
to obtain the conversion coeﬃcients of channel to energy a and oﬀset b for individual
crystal. The peak positions were determined by a ﬁt employing a Gaussian peak and a
linear background. The spectrum of 152Eu source after calibration is plotted in Fig. 3.9,
in which the γ peaks involved in the calibration were marked by red asterisks. With the
calibration parameters such obtained, the resolution at 1332.5 keV was ∼2 keV FWHM
for individual cluster and ∼3 keV FWHM for the full cluster array.
3.2.3 Efficiency calibration of cluster detectors
The eﬃciency calibration for the γ-ray detector was performed with two γ-ray sources
152Eu and 133Ba. In order to account and simulate the γ-ray absorbtion by the materials
inside the WAS3ABi chamber, including the silicon detectors and aluminum frame,
calibration sources were placed inside the chamber at three positions along the beam-
line direction, which was referred as the z direction, to measure the γ-ray eﬃciencies
respectively: (1) in front of the ﬁrst DSSSD, which was deﬁned as z = 0; (2) between
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Table 3.2: Specifications of efficiency-calibration sources.
Source Activity (kBq) Error (%)
152Eu 19.0 5
133Ba 15.7 5
the DSSSD #4 and #5 (z = 4); (3) behind the last DSSSD (z = 8). At each z position,
the sources were placed at the geometric center of a DSSSD.
Then, the total eﬃciency of the γ-ray clusters can be deﬁned as
ǫ(γ) =
n(γ)
Act ∗NTrig ∗Wgate ∗ Iγ
, (3.20)
where
n(γ) : The number of counts in the peak area with specific energy;
Act : Activity of the source;
NTrig : The total number of triggers during the calibration;
Wgate : Gate width of acquisition for cluster detecotrs;
Iγ : Absolute intensity of specific γ-ray from the source.
For the calibration, the conﬁguration of DAQ system was identical to the one involved
in the experiment. A 110-µs-width gate was provided for the cluster detector, which
was triggered by a 1-kHz clock generator with the time interval between two successive
triggers (∼ 1 ms) greater than the measured dead time of the system. Activities of the
γ sources listed in Table 3.2 were deduced based on the initial activity at production
time. The absolute intensities Iγ of γ rays emitted from the calibration sources were
taken from literature. The eﬃciency curves with and without addback algorithm were
obtained by ﬁtting the data points with a widely used empirical formula [95]
ln
(
ǫ(Eγ)
)
=


(
A+ B · Eγ
100
+ C ·
(
Eγ
100
)2)−G
+
(
D + E · Eγ
1000
+ F ·
(
Eγ
1000
)2)−G
− 1
G
,
(3.21)
where parameters from A to G are determined by a ﬁtting analysis and the Eγ is in
the unit of keV. The eﬃciency curves obtained with calibration sources placed at z = 4
are presented in Fig. 3.10, with χ2/NDF (see Sec. 4.2.1) equaling to 3.15 and 4.19 for
the cases without and with addback, respectively. The large χ2/NDF is resulted by the
data between 100 and 300 keV, which can not be well reproduced by Eq. (3.21). In
contrast, eﬃciencies beyond 300 keV can be well described by the function Eq. (3.21).
The deviation was interpreted by the γ-ray absorbtion in the low energy region which
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Fig. 3.10: Efficiency curves of cluster detectors obtained with and without ad-
dback. Calibration sources were placed between DSSSD #4 and # 5 inside
WAS3ABi chamber.
was not correctly considered by Eq. (3.21). However, by the discussion in Sec. 4.3,
it will be demonstrated that this deviation between the theoretical eﬃciency curve
and measured data will not aﬀect the analysis result to determine the branching ratio
of neutron emission following a β decay. According to Fig. 3.10, it is clear that the
detection eﬃciency was imporved by the addback algorithm at the energies beyond 300
keV. At a lower energy range, however, the eﬃciency with addback was slightly less
than that without addback. This was ascribed to the misidentiﬁed Compton scattering
events which were wrongly added by extra energy when imposed by addback algorithm.
It can be solved by introducing a lower energy limit to the addback algorithm to preserve
the higher eﬃciency without addback below the limit.
3.2.4 Energy calibration of WAS3ABi
Since eight layers of silicon detectors were mounted closely with each other, it was
not practical to calibrate energies for all the silicon detectors with an α source or a
monoenergetic electron source. Instead, a γ source 60Co was employed to calibrate the
silicon detectors taking advantage of the Compton scattering eﬀect. The basic principle
was to reconstruct the full energy of the γ ray emitted from 60Co by measuring energies
deposited in silicon detectors and cluster detectors simultaneously. Sine the energy of
the full γ peak and the portion absorbed by the cluster detector are known, energy
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deposited in the DSSSD can be deduced, allowing a strip-by-strip energy calibration
for the silicon detectors. By plotting the energy of a γ ray absorbed by the clusters
(in keV) as a function of ADC channels read from a single strip of silicon detector in
Fig. 3.11, two anti-correlation lines were clearly observed, which correspond to the 1173-
and 1333-keV γ peaks of 60Co, respectively. The conversion coeﬃcients of channel to
energy for strips of silicon detectors were obtained via ﬁtting the double anti-correlation
lines in Fig. 3.11. An average energy resolution of 50 keV FWHM was achieved at
energy below 1 MeV. Since the energy resolution of cluster detectors were more than
one order of magnitude better than that of silicon detectors, the uncertainty in the
energy calibration of silicon detectors mainly came from the low statistics of correlations
between the energies detected by a single strip of silicon detector and cluster detector in
a Compton scattering event. In addition, the lower limit of the energy detectable for β
particles, which was regarded as the threshold of the β-counting system, was estimated
from Fig. 3.11 by discriminating the maximum energy loss in clusters along the anti-
correlation line. An average threshold of 100 keV was achieved in the strips of silicon
detectors.
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3.2.5 Timing calibration of WAS3ABi
Measuring the timing signals of silicon strips relative to the F11 plastic scintillator
was the primary requirement to derive the implantation position of a heavy ion. A
standard procedure of timing calibration was carried out with a time calibrator for
all the channels of TDCs involved in the experiment. Then, a linear function with
conversion coeﬃcient of 90 picoseconds per channel (ps/ch) was obtained. Furthermore,
it was of great importance to determine the relative oﬀset between diﬀerent strips of
silicon detectors. The oﬀset was deﬁned as the distance the fastest peak component
shifted relative to the origin of the timing spectrum. In a timing spectrum including
only implantation events, the peak position of the fastest component was determined
by a ﬁt with Gaussian function as shown in Fig. 3.12. Then, the ﬁtted peak was aligned
with the origin of the spectrum by applying an additional oﬀset on a strip-by-strip basis.
After such an alignment together with the timing calibration for all the strips, it is ready
to compare the relative timing signals of silicon strips induced by a heavy ion to deduce
the implantation position in the silicon detectors.
3.3 Merging data between different DAQ systems
Merging and reconstructing data from individual DAQ systems (WAS3ABi, EURICA,
and BigRIPS) were necessary before doing analyses such as ion-β or ion-β-γ correlations
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Fig. 3.13: ∆TS distribution between different DAQ systems. The peaks in his-
tograms correspond to the offset of timestamp between different DAQ system.
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for the half-life and Pn measurements. The process was realized by recording a high-
frequency clock signal (100 MHz) simultaneously provided to the three systems as a
timestamp, which was regarded as an “absolute time” of the events. Then, the merging
was done by evaluating the constant oﬀset in the timestamp diﬀerence (∆TS) between
any two of the three DAQ systems. Since the ∆TS between speciﬁc two systems was
determined by the cable lengths and time response of modules, the oﬀset in∆TS between
two systems should be preserved throughout the experiment if the conﬁgurations of
DAQ systems were unchanged. By plotting the distribution of ∆TS between arbitrary
two events respectively from, for instance, the WAS3ABi and EURICA DAQ systems
within a 500-ns time window, a prominent peak is observed near the origin of the
histogram, from which the displacement of the peak represents the oﬀset of∆TS between
the WAS3ABi and EURICA DAQ systems. A similar peak can be observed in the
∆TS between the WAS3ABi and BigRIPS DAQ systems as shown in Fig. 3.13(b). By
applying time gates to the ∆TS between WAS3ABi and EURICA as well as WAS3ABi
and BigRIPS, events from three data ﬁles can be correlated with each other. Namely,
based on the timestamp information from the WAS3ABi DAQ system, events from the
BigRIPS or EURICA DAQ systems could be assigned to the corresponding events in
WAS3ABi, between which the ∆TS located inside time window shown in Fig. 3.13(a)
or Fig 3.13(b).
3.4 Analysis procedure of ion-β-γ correlation
A typical β-decay half-life studied in this work is in the order of 100 milliseconds which
is much longer than the acceptable gate of the readout modules, such as ADCs and
TDCs, in the experiment. Moreover, a long gate means a DAQ busy time in the same
order of magnitude, which is inappropriate for the experiment. Thus, the implantation
and β-decay events were recorded by DAQ system individually with a relatively short
gate in the order of 10 µs. Then, a association between an implantation and subsequent
β decays, which are correlated in both time and position, was required to assign the β
particle to the correct parent nucleus. The association was called ion-β correlation in the
following discussion. Furthermore, an ion-β-γ correlation can be realized by measuring
the γ rays emitted promptly following a β decay, which triggered both silicon and γ-ray
detectors. In this section, details will be given for the position determinations of a heavy
ion and a β particle in the silicon detectors and the procedure to obtain an ion-β and
ion-β-γ correlations.
3.4.1 Position determination for implantation
As discussed in Sec. 2.2.2, implantation energy was not measured in this work due to the
high segmentation of the silicon detectors and limited number of electronics. Hence, the
implantation position could not be deduced from the analogue signals of silicon strips
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(b) The same as Fig. 3.14(a) but gated on the condition that strip #23 in the ground side of
DSSSD #1 was hit by heavy ions.
Fig. 3.14: Timing spectrum as a function of strip number for the ground side of
DSSSD #2.
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dedicated to the low-energy measurement of β particles. Instead, the timing or the logic
signals were employed to provide the position of an implanted fragment inside silicon
detectors.
In order to demonstrate the dependence between the strip timing and implantation
position, TDC histograms are drawn as a function of strips on the ground side of DSSSD
#2 in Fig. 3.14(a) without speciﬁc condition on the beam position. From the spectrum
in Fig. 3.14(a), one can easily observe two components in all the strips, with a fast
component centered at t = 0 a.u. (aligned by the calibration introduced in Sec. 3.2.5)
and a slow component centered at t ∼ 200 a.u. To address the origins of these two
components, the ﬁrst DSSSD from upstream was operated in a low-gain mode, with
which the beam position could be deduced from the amplitudes of analogue signals
from silicon strips, for a short period of beam time. If one assumes that a heavy ion
was implanted perpendicularly into the silicon detectors, because the distance between
the last focal plane and the ﬁrst DSSSD (∼ 2 meters) was much longer than that
between neighboring two DSSSDs (∼ 0.5 millimeter), the ﬁrst DSSSD can be utilized
as a beam-position calibrator for all the downstream DSSSD. By applying a condition
to Fig. 3.14(a) that strip #23 on the ground side of DSSSD #1 was hit by ion beams,
histogram in Fig. 3.14(b) is then obtained showing a systematically faster timing from
strip #23 on the ground side of DSSSD #2 than that from either strip #22 or strip
#24. Not only for strip #23, this phenomenon works for all the strips and silicon
detectors, implying that the strip with a timing signal belonging to the fast component
in Fig. 3.14(a) locates at the center of beam position while a strip with the timing
signal in the slow component lies next to the beam position. The peak-to-peak distance
between the fast and slow components was about t ∼ 200 a.u., which was great enough
to be distinguished by the TDCs. Therefore, one can deduce the beam position in
the x-y plane by picking up the silicon strip with the fastest timing signal after an
implantation from each side of a DSSSD.
The implantation depth of a heavy ion was deduced by looking for the last DSSSD
along beam direction with strips in both ground and bias sides overﬂowed in the ADC.
Since the dynamical range of ADCs were dedicated to the energy loss of β particles,
the maximum energy measurable in ADCs without overﬂow was below 6 MeV, which
was much less than the energy deposited by a heavy ion. If none of the strips in the
ground and bias sides of a DSSSD collected energy greater than 6 MeV simultaneously,
the corresponding DSSSD would not be identiﬁed as the DSSSD hit by a heavy ion.
3.4.2 Position and energy measurements for β particles
Because of the narrow strips in silicon detectors with a width of 1 mm, the multiplicity of
a β-decay event in a single DSSSD was frequently more than one. Namely, the energies
lost by β particles were distributed into several adjacent strips in a piece of DSSSD with
large probabilities. Thus, it was necessary to apply the addback algorithm to the energy
measurement of β particle before obtaining the total energy and position of a β decay.
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Fig. 3.15: The histogram plotting energy loss measred from the ground side
(E(X) in keV) agains that measured from the bias side ( E(Y ) in keV) for β-like
particles in one silicon detector. A gate along the correlated line of E(X) = E(Y )
was applied to the analysis for removing possible noise and events with mismatched
signals between the ground and bias sides. Energies located inside the gate were
regarded as “good” events induced by real particles.
Similarly to the addback algorithm applied for the cluster detectors, energies induced in
neighboring strips of a DSSSD within a 8-µs-width gate were summed up to derive the
total energy loss of a β particle whereas energies detected in non-neighboring strips were
regarded as independent β-decay events. The energy centroid of the continuously ﬁred
strips, which was deﬁned by the energy weighted mean position, was regarded as the
detecting point for a β-like particle on each side of DSSSD. The so-called β-like particle
refers to all sources of signals detected in the DSSSDs anti-coincidence with the F11
plastic scintillator. Based on the position such determined, a correlation between an
implanted heavy ion and a subsequent β particle, which will be discussed in Sec. 3.4.3,
were obtained to further verify whether a β particle was emitted from the β decay of a
speciﬁc nucleus or the background from any other source.
Comparing energies measured from the ground and bias sides of a DSSSD is another
procedure to polish the β-pariticle identiﬁcation. Namely, a reasonable consistency
should be obtained between energies measured from the ground and bias sides of a
DSSSD at the detecting point of a β particle. To illustrate the main principle of the
comparison, a two-dimension spectrum drawing the energies measured at the detecting
point from the ground (E(X) in keV) and bias sides (E(Y ) in keV) for β-like particles
is plotted in Fig. 3.15, from which a linear correlation along the E(X) = E(Y ) can be
observed. This correlating line consists of the events with correctly identiﬁed X and Y
of the detecting point in DSSSDs. Scattered points locating oﬀ the diagonal line were
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Fig. 3.16: δ(E(X) − E(Y ))/E(X) as a function of E(X). A gate was set at
|E(X) −E(Y )|/E(X) < 0.1 within which the β particle is identified as “physical”
event.
regarded as noise or events with mismatched positions between the ground and bias
sides, which might happen if the multiplicity of detecting point is greater than one in
either ground or bias side of a DSSSD. To determine the gate purifying the β-particle
identiﬁcation, the distribution of E(X)−E(Y ) was investigated as a function of E(X).
According to Fig. 3.15, a Gaussian-like peak is expected at E(X) − E(Y ) = 0 with
a variation σ characterizing the strength of correlation between the E(X) and E(Y ).
A graph showing the σ of E(X) − E(Y ) as a function of E(X) is drawn in Fig. 3.16.
Based on the ﬁgure, a gate |E(X) − E(Y )|/E(X) < 0.1, in which 0.1 is the σ at
E(X) = 300 keV, was applied to the analysis to remove the events with misidentiﬁed
detecting positions between the ground and bias sides of a DSSSD.
3.4.3 Position correlation and β tracking
With positions determined for the implanted heavy ions and β particles, a spatial cor-
relation denoted as ion-β correlation was carried out between an implantation and a
subsequent β decay to measure the β-decay half-lives and Pn values of exotic nuclei.
By measuring the γ rays simultaneously with a β decay, an ion-β-γ correlation can be
established for the study of β-delayed γ-ray (β-γ) spectrum of a speciﬁc nuclide. A
proper ion-β correlation was of great importance to achieve a low-level background and
high statistics in the decay spectroscopy.
The ﬁrst variable introduced into the ion-β correlation is ∆z, which is deﬁned as
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Fig. 3.17: Position association between an implanted ion (black particle) and a
β particle (red particle) detected in silicon detectors (blue bricks). The variable
of ∆z is defined as z(β) − z(ion). In this work, ∆z = −1, 0,+1 were taken into
account as the maximum spatial correlation window. Details are described in the
main text.
the distance in the z direction (beam direction) between a β particle and an implanted
heavy ion. The corresponding expression can be written as∆z = z(β)−z(ion). Based on
the ∆z value deduced from DSSSDs, three possible correlations were considered in the
analysis as illustrated in Fig. 3.17. Assuming a heavy ion (shown as the black particle
in the ﬁgure) implanted in the middle DSSSD (blue blocks), a delayed β particle (red
particle) can be detected by one of the three DSSSDs: (1) ∆z = −1 means the electron
is detected by the upstream DSSSD relative to the implanted heavy ion; (2) ∆z = 0
means the electron and heavy ion are detected in the same DSSSD; (3) ∆z = +1 means
the electron is detected by the downstream DSSSD relative to the implanted heavy ion.
In order to examine the impact of ∆z to the quality of ion-β correlation, the
β-γ spectrum of 83Ga, in which an intense γ peak at 1348 keV was populated, was
investigated. The spectrum is obtained by measuring the prompt γ rays simultaneously
with the β particle assigned to the β decay of 83Ga. According to literature, the γ
peak had been previously assigned to the 2+ → 0+ transition in 82Ge fed by the β-
delayed neutron emission (βn) of 83Ga [96]. The quality of ion-β correlation (same as
following discussions) is not evaluated solely by the β particle because of the diﬃculty to
distinguish a β particle of interest from the background. Instead, the 1348-keV γ ray is
selected as the benchmarks of various conditions in the ion-β correlation because of the
unambiguous γ-ray identiﬁcation, the relatively high intensity of 83Ga in the secondary
beam, and the strong population rate of the γ ray per β decay of 83Ga.
Figure 3.18 shows the β-γ spectra within the ﬁrst 500 milliseconds after implanta-
tions of 83Ga, with conditions: (a) |∆z| > 1; (b) |∆z| = 1; (c) |∆z| = 0. The γ peak
at 1348 keV is marked by a red arrow on top. A clear enhancement in the intensity of
1348-keV γ peak can be observed along with a decreased |∆z| value. Number of γ decay
under the area of 1348-keV peak with various conditions are summarized in Table 3.3,
where the total counts is deﬁned as the number of γ ray below 2000 keV (the same for all
the following discussions). It is reasonable to ﬁnd out that the condition |∆z| = 0 gives
the best peak-to-total ratio of 1.85% for the 1348-keV γ peak because of the strongest
regulation imposed by the correlation. Including the condition |∆z| = 1 gains extra 70
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Fig. 3.18: The β-γ spectrum within the first 500 milliseconds after implantations
of 83Ga, with the conditions: (a) |∆z| > 1; (b) |∆z| = 1; (c) |∆z| = 0.
Table 3.3: Counts of events (with error in the braket) contributing to the 1348-
keV γ peak in the β-γ spectrum of 83Ga (Fig. 3.18), with different conditions. The
total counts is defined as the number of γ-ray events below 2000 keV under each
condition.
Condition Counts (1348 keV) Counts (total)
|∆z| > 1 7.1 (3.5) 13071
|∆z| = 1 72.6 (9.2) 15810
|∆z| = 0 366 (19) 19776
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Table 3.4: Counts of events (with error in the braket) contributing to the 1348-
keV γ peak in the β-γ spectrum of 83Ga (Fig. 3.19), with different conditions. The
total counts is defined as the number of γ-ray events below 2000 keV under each
condition.
Condition Counts (1348 keV) Counts (total)
∆xy > 2 86 (10) 26019
1 < ∆xy ≤ 2 108 (11) 11330
∆xy ≤ 1 241 (16) 9948
counts in the γ peak but resulted in a degression of peak-to-total ratio from 1.85% to
1.23%, indicating a stronger background level in the β-γ spectrum. The contribution
to the γ peak from |∆z| > 1 can be safely neglected because of the extremely low gains
according to Table 3.3. Therefore, the ion-β correlation with |∆z| = 0 was accounted
in the analyses of all the nuclides while only extreamly exotic nuclides with low pro-
duction yields include the correlation with |∆z| = 1. Correlations with ∆z > 1 was not
considered by any case since it did not improve the eﬃciency of β detection but increase
the background level very much.
Another variable useful for evaluating the position correlation between a heavy ion
and a β particle is the distance projected on the x-y plane
∆xy =
√
(X(β)−X(ion))2 + (Y (β)− Y (ion))2. (3.22)
Similar to the ∆z, a smaller ∆xy imposes a stronger constrain to the ion-β correlation
with a lower background level. Again the impact and quality of the ∆xy gate on the
ion-β correlation was investigated via the β-γ spectra of 83Ga within 500 milliseconds
after implantations. The 1348-keV γ peak is highlighted by a red arrow in Fig. 3.19. The
condition applied to the spectra in Fig. 3.19(a)−(c) are: (a) ∆xy > 2; (b) 1 < ∆xy ≤ 2;
(c) ∆xy ≤ 1, with which the counts of γ peaks were listed in Table 3.4.
According to Fig. 3.19 and Table 3.4, the strongest correlation was provided by
∆xy ≤ 1 with the cleanest β-γ spectrum and highest peak-to-total ratio about 2.42%.
Since the statistics gated by the condition was very much reduced because of the low
eﬃciency of the correlation, the condition 1 < ∆z ≤ 2, which provides a reasonably
good peak-to-total ratio, was also considered by the analyses of this work. The β particle
detected at ∆xy > 2, on the contrary, was discarded for most of the cases because of the
limited gain of “good” events relative to the largely increased background. In this work,
the maximum correlation window on the x-y plane was limited to ∆xy ≤ 2.5 while a
widely used window was ∆xy ≤ 1.5.
With the conditions imposed by ∆z and ∆xy, a β particle can be assigned to the
β decay of a prior implanted nucleus within a ﬁnite-width time window. However, one
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Fig. 3.19: The β-γ spectrum within the first 500 milliseconds after the implan-
tations of 83Ga, with the conditions: (a) ∆xy > 2; (b) 1 < ∆xy ≤ 2; (c) ∆xy ≤ 1.
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Fig. 3.20: Schematic drawing of β tracking performed in this work. The black
particle stands for an implanted ion and red particle stands for a β particle. Four
cases were considered for β-decay events identified as ∆z = 0: (a) Silicon detectors
placed at ∆z = −1, 0 (relative to the implanted silicon detector, the same to the
followings) were fired by a β particle, which is referred as backscattering events
in the text; (b) Single silicon detecor at ∆z = 0 was fired, referred as single-fired
events; (c) Silicon detectors at∆z = 0,+1 were fired, regarded as forwardscattering
events; (d) Silicon detectors at ∆z = −1, 0,+1 were fired simultaneously, identified
as background events.
β particle can interact many times with multiple layers of DSSSDs. The position of
a β particle involved in the correlation should be the original point from where the β
particle is emitted rather than other interacting points. Therefore, not only the position
correlation but also a β tracking inside DSSSDs is necessary to obtain a clean spectrum
from the ion-β correlation. Generally speaking, tracking a β particle in silicon detectors
is of great diﬃculty because of the large scattering angle of the electron interacting with
the material. However, this scattering angle is getting smaller with an increased kinetic
energy of the β particle such as the one emitted from the β decay of a neutron-rich
nucleus with high Q value. This high kinetic energy makes it possible and practical to
track the β particle to some extent.
The main idea of a β tracking was to specify not only a single position but also
the direction of a β particle emitted from a β decay. A schematic principle of the
β tracking is presented in Fig. 3.20. Four diﬀerent cases were considered for the β-
decay events identiﬁed as ∆z = 0: (a) the silicon detectors placed at ∆z = −1, 0
(relative to the implanted silicon detector, the same to the followings) were ﬁred by
the β particle, which is referred as a backscattering event (the beam direction is deﬁned
from left to right). (b) the single silicon detector at ∆z = 0 was ﬁred, which was referred
as a single-ﬁred event. (c) The silicon detectors at ∆z = 0,+1 were ﬁred, which was
regarded as a forwardscattering event. (d) Silicon detectors at∆z = −1, 0,+1 were ﬁred
simultaneouly, identiﬁed as a background event. Expectation of case (d) was not always
true because of the possible backscattering of low-energy β particles interacting with
DSSSDs. However, the trajectory of a β particle with kinetic energy greater than 4 MeV
would be almost straight in DSSSDs according to the Monte-Carlo simulation. Since
the Qβ values in the region around
78Ni are systematically high (∼10 MeV, predicted
by Ref. [97]), it is acceptable to assume the β particle ﬁring DSSSDs at ∆z = −1, 0,+1
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Fig. 3.21: The β-γ spectrum within the first 500 milliseconds after the implan-
tations of 83Ga. The conditions applied to histograms in (a)−(d) have the same
sequence as described in Fig. 3.20. The γ peak at the energy of 1348 keV was
marked by the red arrow.
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simultaneouly were not correlated with the heavy ion implanted at the DSSSD with
z = 0.
Figure 3.21 exhibits the β-γ spectra of 83Ga within the ﬁrst 500 milliseconds after
implantations with the conditions (a)−(d), which correspond to: (a) backscattering
events; (b) single-ﬁred events; (c) forwardscattering events; (d) background events,
respectively. The results showing in Fig. 3.21 indicate that both the intensity and peak-
to-total ratio of the 1348-keV γ peak in condition (d) are much less than that gated by
other three conditions. This result well supports the assumption that events following
condition (d) were dominantly contributed by the β particles from background rather
than that emitted from the implanted DSSSD in the middle. Therefore, events identiﬁed
as condition (d) would not be considered if a spectrum with low level of background is
desired.
68 CHAPTER 3. DATA ANALYSIS
Chapter 4
Experimental results
In this chapter, the experimental results of β-decay half-lives and Pn values are pre-
sented. Section 4.1 introduces a selective gate on the implanted fragments to reduce the
possible contaminations produced by the secondary reactions after PID section. Section
4.2 gives the procedure of the analysis to obtain a β-decay half-life with and without
γ-ray coincidence and the experimental results. Section 4.3 explains how to extract Pn
value from the β-γ spectrum of a certain nuclide and exhibits the Pn values deduced
from the present work.
4.1 Selection on implanted fragments
Before obtaining the β-decay half-lives and Pn values from the experiment, a selection
on the ﬁssion products was carried out to pick up a nuclide of interest from others.
The main principle of the particle identiﬁcation and selection have been introduced
in Sec. 3.1. However, secondary reactions may occur for ﬁssion fragments during the
passage through the thick aluminum degrader behind the F11 MUSIC, after which no
more detector was dedicated to the PID measurement. Those reactions, such as protons
or neutrons removal reactions, will change the fragments from one nuclide to another
and produce contaminations in the half-life or Pn measurements. Thus, it is necessary
to reduce such contaminations as much as possible before obtaining reliable results.
The basic idea to distinguish a fragment suﬀering secondary reaction after PID is
based on its stopping range in the silicon detectors. The stopping range is correlated
with the total kinetic energy of the fragment and its stopping power (energy loss) in a
deﬁned material. According to Eq. (3.1), the energy loss of a charged particle depends
on the atomic number Z and velocity β of the particle whereas the total energy of a
heavy ion is a function of velocity β and total nucleon number A. Overall, the stopping
range of a fragment is determined by the velocity β, the atomic number Z, and the
nucleon number A of the particle. Namely, if the atomic number Z and nucleon number
A are deﬁned, a correlation should be observed between the velocities and stopping
ranges of the fragments.
Figure 4.1(a) shows a typical two-dimension histogram of implantation depth in
the silicon detectors as a function of velocity between the F7 and F11 focal planes for
the nuclei AZX. Except for a clear correlation between the stopping range and velocity
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Fig. 4.1: (a) Typical spectrum of implantation depth as a function of velocity
for the fragments of AZX. (b) The most probable velocity between the F7 and F11
focal planes (P(β)) of AZX stopped in each layer of silicon detector.
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Fig. 4.2: Velocity distribution of fragments AZX stopped in each layer of silicon
detector. The red lines stand for the final gate applied to the implantation of AZX
to determine the β-decay half-life and Pn value.
of heavy ions stopped in DSSSDs #3 and #4, contaminations are also observed in the
spectrum with an independent implantation depth and velocity. Based on Fig. 4.1(a),
a spectrum exhibiting the most probable velocity P(β) of AZX stopped in each layer
of silicon detector is drawn in Fig. 4.1(b), from which one can distinguish the “good”
implantations, which had a correlated stopping range and velocity, in DSSSDs #3−5
from the contaminations stopped in other layers of silicon detector. Thus, only fragments
A
ZX stopped in DSSSDs #3 − 5 are included in the half-life and Pn determinations. It
is noteworthy that the implantation depth such adopted was well consistent with that
simulated by LISE++, which is presented in Fig. 2.3.
To further clean up the contaminations from data analysis, the distributions of
velocity between the F7 and F11 focal planes are plotted in Fig. 4.2 with AZX stopped
in each layer of DSSSD. For the nuclei stopped in the DSSSDs #3− 5, a Gaussian-like
distribution can be observed around P (β), with distorted tails on both sides of the peak,
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for instance the tail to the left of the peak in the DSSSD #5. Following guidelines are
involved to create a gate on the velocity of AZX stopped in DSSSDs #3− 5:
• If the velocity smoothly distributed around the peak, a gate width of ±3σ, in
which the σ is the standard variation of the Gaussian distribution, was applied to
select “good” implanted nuclei AZX;
• If a distorted tail was observed in either side of the peak, the cut of the gate was
set to the kink position on the corresponding side.
The obtained gates following such guidelines are drawn as the red lines in Fig. 4.2 for
A
ZX. In the present work, this gate was tuned nuclide by nuclide (see Appendix A) to
reduce the contaminations in the analysis.
4.2 Half-life determination
The β-decay half-life was deduced by measuring the time distribution between an im-
plantation and an associated β decay. Because of the large neutron excess of the nuclei
studied in this work, the daughter nucleus populated via β decay of parent nucleus is
still radioactive, and the same for the other decay products, such as the grand-daughter
nucleus, daughter nucleus of the β-delayed neutron emission (βn), grand-daughter nu-
cleus of the βn decay, and so on. Since the β particles produced by all those radioactive
nuclei were emitted from the same implanted pixel of a silicon detector, it was of great
diﬃculty to address the decaying nucleus along the decay chain from which a speciﬁc β
particle was emitted. Thus, the time distribution of β particles relative to the associ-
ated implantations was contributed not only by the parent nuclei but also by the nuclei
produced along the decay chain initiated by the parent nuclei. Figure 4.3 illustrates an
example of decay chain starting from 76Ni, in which two types of decay channels are
drawn with diﬀerent colors. Channels represented by the red lines are general decay
channels, which were considered by all the half-life determinations in this experiment.
The decay path drawn in the black lines were considered in the speciﬁc analysis when
they were necessary. Detailed discussions on the inclusion of speciﬁc decay channels will
be given in Appendix A for individual nuclide.
4.2.1 Half-life obtained without γ-ray coincidence
Basic formulism
As shown in Fig. 4.3, the decay spectrum obtained solely from the position correlation
between an implanted heavy ion and a β particle includes the radioactivities of all the
decay products, of which the time spectrum can be described by a so-called Bateman
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Fig. 4.3: Decay chain with implantation of 76Ni as an example. The decay
channels drawn in red lines were considered in the half-life analyses for all the
nuclides. Half-lives shown for each nuclide are taken from Ref. [68]. Decay channels
drawn in black lines were only considered under specific situation. Details will be
discussed in the main text.
Fig. 4.4: Abstract decay chain starting from implantation of arbitrary nuclide X1.
The color scheme of the decay channels follow the same rule of that in Fig. 4.3.
74 CHAPTER 4. EXPERIMENTAL RESULTS
equation. In this subsection, a mathematical formula will be derived to describe the
time distribution of β decay after implanting a speciﬁc nuclide into silicon detectors. By
ﬁtting the experimental time spectrum with the theoretical formula, the β-decay half-
life of the implanted nuclide can be extracted. To clearify the notation in the formula,
an abstract decay chain starting from an arbitrary fragment (AZX1) is drawn in Fig. 4.4.
If a decay constant λ1 was assumed for the nuclide
A
ZX1, the number of
A
ZX1 decaying
in a time unit can be written as:
dX1
dt
= −λ1X1, (4.1)
with the number of AZX1 denoted as X1. Similarly, the number of decay from daughter
( AZ+1X2, with decay constant λ2) and grand-daughter (
A
Z+2X3, with decay constant λ3)
nuclei per unit time are
dX2
dt
= −λ2X2 + λ1X1·Pβ1, (4.2)
dX3
dt
= −λ3X3 + λ2X2·Pβ2, (4.3)
respectively. Here, the Pβi indicates the β-decay branching ratio in Xi without neutron
emission. If the initial activity of AZX1 is X0, the initial conditions of Eqs. (4.1)−(4.3)
can be written as:
X1(t = 0) = X0,
Xi(t = 0) = 0, i = 2, 3. (4.4)
Substituting the initial conditions Eq. (4.4) into Eqs. (4.1)−(4.3), solutions of Xi (i =
1, 2, 3) could be obtained as
X1 = X0 · e−λ1t, (4.5)
X2 = X0Pβ1λ1 ·
(
e−λ1t
λ2 − λ1
+
e−λ2t
λ1 − λ2
)
, (4.6)
X3 = X0Pβ1Pβ2λ1λ2 ·(
e−λ1t
(λ2 − λ1)(λ3 − λ1)
+
e−λ2t
(λ1 − λ2)(λ3 − λ2)
+
e−λ3t
(λ1 − λ3)(λ2 − λ3)
)
. (4.7)
Following a similar procedure, the decay rates of A−1Z+1X5,
A−1
Z+2X6 and
A−2
Z+1X8 can be given
respectively by Eqs. (4.8)−(4.10), with Pni referring to the β-delayed neutron emission
(βn) probability of Xi and P2n to the β-delayed two-neutron emission (β2n) probability
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Fig. 4.5: Example showing the decay curve fitted by Eq. (4.11). Total decay
function is plot in red line while decoupled components are drawn in different
colors in the same graph for the purpose of comparison.
of AZX1.
X5 = X0Pn1λ1 ·
(
e−λ1t
λ5 − λ1
+
e−λ5t
λ1 − λ5
)
, (4.8)
X6 = X0Pβ1Pn2λ1λ2 ·(
e−λ1t
(λ2 − λ1)(λ6 − λ1)
+
e−λ2t
(λ1 − λ2)(λ6 − λ2)
+
e−λ6t
(λ1 − λ6)(λ2 − λ6)
)
+X0Pn1Pβ5λ1λ5 ·(
e−λ1t
(λ5 − λ1)(λ6 − λ1)
+
e−λ5t
(λ1 − λ5)(λ6 − λ5)
+
e−λ6t
(λ1 − λ6)(λ5 − λ6)
)
, (4.9)
X8 = X0P2nλ1 ·
(
e−λ1t
λ8 − λ1
+
e−λ8t
λ1 − λ8
)
, . (4.10)
Totally, the number of nuclei decaying in an unit time as a function of time is
obtained by summing the time diﬀerentials of Eqs. (4.5)−(4.10), which gives
Nβ
dt
= −
∑
i
λiXi(t) + C. (4.11)
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The index i = 1, 2, 3, 5, 6, 8 refers to the radioactive nuclides listed in Fig. 4.3 while C
represents a constant background. Parameters involved in Eq. (4.11) are: X0, Pn1, P2n,
λ1, Pn2, λ2, λ3, Pn5, λ5, λ6, λ8, and C. The β-decay half-life of the parent, which is
given by T1/2 = ln(2)/λ1, can be obtained by ﬁtting Eq. (4.11) to the decay spectrum
gated on the implantation of AZX1, with parameters λi and Pni (i > 1) taken from
literature. Neutron-emission branching ratios Pn1 and P2n for
A
ZX1 were adopted from
either predicted values or experimental data whenever available. The background rate C
was determined from the time distribution of the detected β particle spatially associated
with a subsequent implantation. Since the correlation time is negative, such β decays
can be clearly identiﬁed as the random coincidence background and their intensity can
be utilized to estimate the level of random background in the positive correlation time.
After ﬁxing all the other parameters, the parameters X0 and λ1 can be obtained directly
from the ﬁtting analysis, based on which the β-decay half-life of AZX1 could be deduced.
An example of β-decay time distribution ﬁtted by Eq. (4.11) is plotted in Fig. 4.5, in
which the total decay curve (red line) is decoupled into diﬀerent components drawn
with diﬀerent colors.
Two methods were applied to the ﬁtting analysis of the decay curve, the least
squares method (χ2) and unbinned maximum liklihood method (MLH), depending on
the statistics of the sample. For the sake of convenience, the total decay spectrum as
a function of decay time t, given by Eq. (4.11), is denoted as F (t;T1/2(P )), where the
variable T1/2(P ) stands for the half-life of the parent nuclide to be determined by the
ﬁtting analysis. The χ2-ﬁtting tries to minimize the value
χ2 =
n∑
i=1
[
N(ti)− F (ti;T1/2(P ))
σi
]2
, (4.12)
in which the index n is the total bin number in the time histogram (for example n = 500
in Fig. 4.5). The ti and N(ti) are the central time and number of counts in the i-th bin,
respectively. The standard deviation σi =
√
N(ti) is the statistical uncertainty of the
counting number in the i-th bin. The T1/2(P ) best reproducing N(t) with F (t;T1/2(P ))
is then regarded as the half-life of the parent nuclide. On the contrary to the least
squares method, the unbinned MLH deals the decay event as individual data point,
from which the half-life can be determined without introducing any histogram. The
probability density function to ﬁnd a decay event at time t is denoted as f(t;T1/2(P ))
which is the normalized decay function of F (t;T1/2(P )) given by Eq. (4.11). Then,
the likelihood function to observe N decays at time t1, t2, ..., tN can be written as the
production of f such as
L
(
T1/2(P ); t(N)
)
=
N∏
i=1
f(ti;T1/2(P )), (4.13)
where t(N) is the ensemble of observed events with the decay time of individual event
denoted as ti. Since the number N refers to the number of total decay events rather
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than the number of bins, the ﬁtting approach is then called unbinned MLH method.
The T1/2(P ) giving the maximum L is believed to be the half-life of the parent nuclide.
Either method of the χ2-ﬁtting or MLH ﬁtting provides the statistical uncertainty of
T1/2 simultaneously when the T1/2 is obtained, whereas the systematic uncertainty has
to be discussed separately.
Uncertainty estimation
The systematic uncertainties of the ﬁtting approaches, including both χ2 and MLH
methods, come from the uncertainties of the preset parameters such as the half-lives
of daughter and grand-daughter nuclides, the Pn value of parent nuclide, and so on.
In order to determine the correlations between the obtained half-life T1/2(P ) and input
parameters, Fig. 4.6 are presented with T1/2(P ) as functions of two typical input pa-
rameters (a) half-life of the daughter nuclide T1/2(D) and (b) Pn value of the parent
nuclide Pn(P ). Each ﬁgure is obtained by altering the corresponding input parameter
within ±1σ around the central value while keeping other parameters ﬁxed at the central
values. One can easily ﬁnd linear correlations in both results which can be understood
by the Taylor expansion to the ﬁrst order of variable at small variation. Thus, the
variation ∆± of T1/2(P ) attributed to the uncertainties of T1/2(D) and Pn(P ) can be
simply expressed as
∆±(T1/2(D)) = |Fit(T1/2(D)±∆)− Fit(T1/2(D))|; (4.14)
∆±(Pn(P )) = |Fit(Pn(P )±∆)− Fit(Pn(P ))|. (4.15)
Here, the abstract function Fit stands for the ﬁtting analysis to obtain T1/2(P ) from
T1/2(D) or Pn(P ) and the ∆ is a small variation from the central value of the parameter.
Not only T1/2(D) and Pn(P ) but also other input parameters were such investigated and
found to follow linear correlations with the determined T1/2(P ). If one assumes there
are N input parameters which are independent to the each other and the i-th parameter
with an uncertainty ∆ induces a variation ∆i± in the T1/2(P ), the total variation ∆
syst
±
of T1/2(P ) can be written as
∆syst± =
√√√√ N∑
i=1
(
∆i±
)2
. (4.16)
Equation (4.16) is the formula to obtain the systematic error of the half-life. In the
ﬁtting analysis of this work, ±1σ was adopted for the known half-life as the uncertainty
∆, which can be obtained from either literature or the present work. The uncertainty ∆
of Pn value, from both literature and calculation, takes ±20% as a general uncertainty
for most of the cases even when the literature gives a smaller uncertainty. This is to
avoid the possible underestimation of systematic error due to the notorious diﬃculty in
neutron detection. Including the statistical error ∆stat± , Eq. (4.16) can be modiﬁed to
∆total± =
√(
∆syst±
)2
+
(
∆stat±
)2
, (4.17)
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Fig. 4.6: The β-decay half-life of the parent nuclide obtained from the fitting anal-
ysis as a function of: (a) β-decay half-life of the daughter nuclide; (b) Pn value of
the parent nuclide. The total uncertainty of the input parameters (T1/2(daughter)
and Pn(parent)) are drawn as the solid horizontal bar centered at the central values.
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for the total uncertainty of experimental half-life deduced from this work.
Goodness of fitting
The goodness of ﬁtting was examined after obtaining the unknown half-life via the
analysis introduced above. For the χ2 ﬁtting, evaluating the χ2 deﬁned by Eq. (4.12)
can directly indicate the goodness of ﬁtting. According to the statistical model, a
χ2/NDF value close to “1” represents a good ﬁt, which well reproduces the experimental
data points with reasonable uncertainties. The denominator “NDF” refers to the degree
of freedom, which equals to the number of independent data points minus the number
of free parameters in the ﬁtting analysis.
To examine the goodness of half-life determined by unbinned MLH method making
use of Eq. (4.13), the variable so called likelihood ratio λ was employed, which can be
written as
λ = L(T1/2(P ); t(N))/L(T
real
1/2 (P ); t(N)). (4.18)
In Eq. (4.18), the T real1/2 (P ) is the real value of half-life T1/2(P ). Since L(T
real
1/2 (P ); t(N)) is
a constant, maximizing λ follows the same procedure as that maximizing the likelihood
function L(T1/2(P ); t(N)), which corresponds to the minimization of a variable called
“likelihood χ2”
χ2λ = −2 lnλ = −2 lnL(T1/2(P ); t(N)) + 2 lnL(T real1/2 (P ); t(N)). (4.19)
Asymptotically, χ2λ obeys a χ
2 distribution, which allows for an evaluation of the good-
ness of ﬁtting similar to that of the χ2 ﬁtting. It was proved that for a Poisson distri-
bution, Eq. (4.19) could be transformed to
χ2λ = 2
∑
i
(yi − ni + ni ln(ni/yi)) , (4.20)
where yi and ni are the expected and observed number of events in the i-th bin [98].
For the present analysis, data ﬁtted by unbinned MLH method was ﬁrst binned with a
speciﬁc time interval, in which the number of events were assumed to follow a Poisson
distribution. Then Eq. (4.20) was applied to estimate the goodness of ﬁtting. The value
such calculated are refered as MLH ratio in the following discussion of the thesis.
Constant vs. exponential background in the decay curve
Since the contaminations produced by the secondary reactions in the upstream Al de-
grader were expected being implanted in the silicon stopper, the time proﬁle of the
background in the decay curve might be argued: whether the background is constant or
exponential. The latter would be more suitable if the radioactivities from the contami-
nations are not neglectable. Otherwise, a constant background is a good approximation
to simplify the analysis of half-life determination.
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Fig. 4.7: Time profile of background obtained by gating on 80Zn implanted in
DSSSDs #1 − 3 or #6 − 8, which were expected as contaminations according to
the discussion in Sec. 4.1 and Fig. A.28 drawn in Appendix A.
The time proﬁle of background was investigated by gating on contaminations im-
planted in the silicon detectors. A typical example showing background time spectrum
within 5 seconds after implantations is drawn in Fig. 4.7 by gating on 80Zn implanted
in DSSSDs #1− 3 or #6− 8, which were expected as contaminations according to the
discussion in Sec. 4.1 and Fig. A.28 in Appendix A. Due to the lack of knowledge to the
decaying particles, the time spectrum is ﬁtted phenomenogically by a combination of
exponential functions plus a constant background while the number of contaminations
contributing to the time spectrum is denoted as Ncont. If a fraction of 5% is assumed for
the contaminations in 80Zn gated by the “good event” condition introduced in Fig. A.28,
the time spectrum of background for the good 80Zn events can be obtained by scaling
the spetrum in Fig. 4.7 with a factor F = (Ngood×5%)/Ncont, in which Ngood is the total
number of good 80Zn implantations. Replacing the constant background in Eq. (4.11)
with the time spectrum such obtained, a central half-life (without error bar) of 564.5
ms is extracted for 80Zn, which is fairly close to the result of 563.8 ms deduced from
a constant background. As will be discussed in Appendix A, this discrepancy is much
less than the systematic uncertainty introduced by the poorly determined parameters
preset in the ﬁtting analysis. Similarly to the case of 80Zn, the possible eﬀect of expo-
nential background was also examined for the analyses of 85Ge, 83Ga, and 74Co, of which
the half-lives vary from tens of milliseconds to hundreds of milliseconds. The results
show very good consistencies between the half-lives ﬁtted by a constant background and
that ﬁtted by an exponential background. In conclusion, a constant background was
adopted for the analysis which was believed to be a good approximation of exponential
background in the the half-life determinations around 78Ni.
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4.2.2 Half-life obtained in coincidence with γ rays
The approach introduced in the last subsection sustains a large statistics in the analysis
because it solely requires the β detection for a decay-curve construction. However, the
half-life such obtained includes relatively large error bar arisen from the uncertainties of
input parameters in the ﬁtting analysis such as the half-life of daughter nuclei, the un-
known Pn value, and so on. Since all the parameters involved in the ﬁtting analysis with
Eq. (4.11) will induce certain amount of uncertainties to the ﬁnal result (see Eq. (4.17)),
it was generally diﬃcult to reduce the systematic uncertainties in the obtained half-lives
for most of the cases.
In order to reduce the ambiguity of half-life determination, γ rays emitted following
a β decay, which were detected by the cluster detectors, were utilized to simplify the
decay components in Eq. (4.11). If an appropriate γ peak was employed as a coincident
gate for β decays, only the decay component followed by a speciﬁc γ-ray transition
could be persistent against the γ-ray selection. Thus, the number of contributions in
the γ-ray coincident decay curve become much less than that without gating on a γ ray.
Figure 4.8 shows the basic idea on how to introduce a γ-ray coincidence for the half-life
analysis. First of all, a coincident gate covering the γ peak with a width of ±2σ, in
which σ is the standard variance of the γ peak, was applied to the β-γ spectrum of AZX1.
One can easily think of two contributions to the time distribution of γ decays relative to
implantations in Fig. 4.8: (1) events of interests located in area #1; (2) events located in
area #3 as background formed by other γ rays via Compton scattering. If there was no
second γ peak closely located, this background is assumed to be smoothly distributed
as a function of energy. Thus, the contribution of area #3 in the total γ-ray coincident
decay curve can be visualized by sampling the time distribution of γ decays in areas
#2 and #4 with a same width of area #3. Since the weight of linear background is in
proportion to the gate width, the background-free γ-ray coincident gate G(γ) could be
constructed as
G(γ) = G′(γ)− G(bg1) +G(bg2)
2
, (4.21)
where G′(γ), G(bg1) and G(bg2) are γ gates imposed on the γ peak plus overlaid
background, background to the left of the γ peak, background to the right of the γ
peak, respectively.
If the γ ray emitted following the β decay of parent nuclei was involved as the γ
gate in Eq. (4.21), the β-decay time distribution can be simpliﬁed from Eq. (4.11) to
N ′β
dt
= λ1X0 · e−λ1t + C. (4.22)
Equation (4.22) consists of a constant background plus single exponential decay func-
tion, in which only the parameters X0 and λ1 were free for determinations. An example
showing the γ-ray coincident decay curve together with the ﬁtted result is plotted in
Fig. 4.9. Comparing Fig. 4.9 with Fig. 4.5, reductions of all the slowly decaying com-
ponents from Xi (i > 1) as well as the constant background can be clearly observed.
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Fig. 4.9: Example showing the γ-ray gated decay curve fitted with Eq. (4.22).
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One of the big merit to determine the β-decay half-life with γ-ray coincidence is
the exclusion of many preset parameters from the ﬁtting analysis such as the half-lives
of daughter and grand-daughter nuclei, and Pn values, which usually introduce strong
systematic uncertainty in the obtained result. In the case of γ-ray coincident half-life
determination, only the statistical uncertainty coming from either the χ2 ﬁtting or MLH
method are involved. Even though the statistical error is increased to some extent be-
cause of the reduction in total statistics, the half-life determined in coincidence with
γ-ray resulted in a much smaller total uncertainty than that without γ-ray coincidence if
the yields of γ rays were suﬃcient. Therefore, comparisons between half-lives obtained
with and without coincidence with γ rays were performed for the nuclides with suﬃ-
cient statistics in this work to verify the consistency and validity of half-life determined
without γ-ray coincidence, which was applied for the newly measured half-life of nuclide
with low statistics.
4.2.3 Summary of half-life determination
In this thesis, detailed procedure of half-life determination for the isotopes with Z =
26 − 32, including the conditions to build the decay curves with and without γ-ray
coincidence and adoptions of ﬁtting parameters, are presented in Appendix A. As a
summary, Tables 4.1−4.2 exhibit all the half-lives measured from this work, including
half-lives obtained with and without γ-ray coincidence in the analyses. For the half-
life determined without γ-ray coincidence, a χ2/NDF evaluating the goodness of ﬁtting
is presented. The value is either taken from Eq. (4.12) for χ2 ﬁtting analysis or taken
from Eq. (4.20) for unbinned MLH method, which will be followed by a “*” in the tables.
Data from literature is also presented if it is available. Most of the results exhibit a
reasonable χ2/NDF (≈ 1) with very few exeptions. The small χ2/NDF value suggests a
good reproduction of the experimental data points by the theoretical ﬁtting function in
the half-life determination, which is the precondition that the half-lives determined by
ﬁtting approaches are close to the real ones. The results with relatively larger χ2/NDF
(> 1.3) are caused by the incorrect assumptions of input parameters which are not well
determined by experimental data. Detailed discussions will be presented in Appendix
A together with the half-life determination of respective nuclide.
According to Tables 4.1−4.2, half-lives obtained with and without γ-ray coinci-
dence are well consistent with each other within ±1σ uncertainty. Large uncertainties
emerging in the non-γ-ray coincident half-lives of less neutron-rich nuclei were mostly
ascribed to the uncertainties of Pn values of the parent nuclei, which can be illustrated
by Fig. 4.6. The predominance of the Pn-induced systematic uncertainty in the ﬁnal
result is a general situation in the half-life determination in this region. This strong
correlation between the Pn value and determined half-life makes it diﬃcult to measure
the half-life precisely without γ-ray coincidence even if the production yield of the nu-
clide was suﬃciently large. Since the Pn measurements were usually accompanied by
large statistical error or potential systematic error because of the diﬃculty of neutron
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detection, β-γ coincidence is an eﬃcient approach to reduce the uncertainty in the half-
life measurement for fragments with high statistics. For the most neutron-rich nuclei in
each isotope, however, the statistics of implantation is too low to allow any measurement
coincident with a γ ray. In such case, the γ-ray coincident half-life measurement was not
carried out and the result relied on the ﬁtting analysis without γ-ray coincidence taking
into account all the possible sources of uncertainties. Since the consistensy between
two analysis approaches is well preserved throughout the results, a reasonable half-life
obtained without γ-ray coincidence is suggested. Furthormore, the comparisons with
previous works in literature show good agreements within ±1σ uncertainty for most of
the half-lives deduced in this work with much improved accuracies (typically a factor
of 5 − 10) than previous works. This from another perspective supports the reliability
of the present data analysis. Few exceptions are 71Fe, 72Co, 77Cu, 79Cu and 82Zn, in
which the obtained half-lives of 71Fe and 77Cu are consistent with literature within ±2σ
uncertainty. It is noteworthy that a new half-life measurement for neutron-rich iron
isotopes reported recently that T1/2(
71Fe) = 42 ± 6 ms, which is in a good agreement
with the present work with and without γ-ray coincidence. Similarly, another half-life
measurement for 79Cu reported 257+29−26 ms [60], which better consists (within ±1σ) with
the present result. For the half-life of 82Zn, the data of literature taken from Ref. [63] is
the ﬁrst half-life measurement of 82Zn. Thus, no preference can be concluded between
this work and previous work without further conﬁrmation by a third measurement.
Overall, agreements between half-lives with and without γ-ray coincidence and
between present experimental data and previous works are all well achieved, which sug-
gests that the analysis result for the newly measured half-life without γ-ray coincidence
is reasonable and reliable. Based on the experimental results, various dicussions are
carried out and presented in Chapter 5 to study the nuclear structure implicated by the
β-decay half-life.
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Table 4.1: Summary of half-lives determined from this work. Name of the nuclide
is listed in the first column while half-lives obtained with and without γ-ray coinci-
dence are presented as T β−γ1/2 and T
β
1/2 in the second and third column respectively.
The column “χ2/NDF” refers to the goodness of fitting of which the value is either
taken from the χ2/NDF for χ2 fitting or taken from MLH ratio (followed by “*”)
for MLH fitting (see Sec. 4.2.1 for details). Available data from literature is shown
in the last column of the table. If the literature is not taken from Ref. [68], the
reference will be given following the value.
This work Literature
Nuclide T β−γ1/2 (ms) [ T
β
1/2 (ms) χ
2/NDF ] T1/2 (ms)
70Fe 65.9 ± 7.3 58.5 +11.5−9.8 1.206 71 ± 10
71Fe 34.7 ± 3.6 35.6 ± 2.0 1.177 28 ± 5
72Fe − 16.9 ± 1.0 1.063 19 ± 4 [99]
73Fe − 12.9 ± 1.6 1.031 −
74Fe − 8.2 +2.6−7.1 0.91∗ −
72Co 52.8 ± 0.6 52.8 ± 0.9 1.151 59.9 ± 1.7
73Co 40.4 ± 0.3 41.2 ± 0.7 0.968 41 ± 4
74Co 31.6 ± 0.5 31.2 ± 0.7 0.926 30 ± 3 [40]
75Co 26.5 ± 1.2 25.9 ± 1.1 1.046 30 ± 11 [60]
76Co 17.4 ± 3.0 17.1 ± 2.1 1.162 −
77Co − 13.0 +7.2−4.3 0.90∗ −
74Ni 507.7 ± 4.6 495.2 +35.6−19.4 1.062 680 ± 180
75Ni 331.6 ± 3.2 327.9 +6.7−4.0 0.996 344 ± 25
76Ni 234.6 ± 1.7 243.7 +11.4−19.1 1.469 238 ± 18
77Ni 158.9 ± 4.2 166.1 ± 10.1 1.048 128 +36−32
78Ni 122.2 ± 5.1 122.7 ± 4.8 1.070 110 +100−60 [59]
79Ni − 43.0 +8.6−7.5 1.23∗ −
80Ni − 23.9 +26.0−17.2 0.87∗ −
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Table 4.2: Continue as Table 4.1.
This work Literature
Nuclide T β−γ1/2 (ms) [ T
β
1/2 (ms) χ
2/NDF ] T1/2 (ms)
77Cu 476.8 ± 3.4 467.1 ± 35.9 1.083 468.1 ± 2.0
78Cu 330.7 ± 1.0 330.2 ± 10.2 1.162 335 ± 11
79Cu 241.3 ± 2.1 249.4 ± 12.2 1.078 188 ± 25
80Cu 113.3 ± 6.4 103.3 ± 6.5 1.143 170 +110−50 [60]
81Cu 73.2 ± 6.8 68.5 ± 6.4 0.956 −
82Cu − 32.3 +7.4−6.5 1.11∗ −
80Zn 562.2 ± 3.0 564.5 +21.4−2.5 0.979 540 ± 20
81Zn 303.2 ± 1.6 306.2 ± 6.4 1.077 304 ± 13
82Zn 177.9 ± 1.5 180.5 ± 10.1 0.997 228 ± 10 [63]
83Zn 99.4 ± 3.0 102.4 ± 7.7 1.052 117 ± 20 [63]
84Zn 53.6 ± 8.1 65.0 ± 6.0 0.985 −
83Ga 310.1 ± 1.4 298.5 ± 14.7 1.226 308.1 ± 1.0
84Ga 92.7 ± 0.7 91.2 ± 8.3 0.957 85 ± 10
85Ga 91.9 ± 1.2 93.5 ± 4.3 0.990 93 ± 7 [63]
86Ga 51.2 ± 7.2 51.4 +10.2−8.5 1.006 43 +21−15 [65]
87Ga − 26.4 +16.9−11.0 0.95∗ −
85Ge 495.1 ± 5.8 510.3 +27.3−17.9 1.065 494 ± 8 [64]
86Ge 221.6 ± 1.1 225.4 ± 13.4 0.989 226 ± 21 [64]
87Ge 103.2 ± 3.5 104.1 ± 5.7 1.097 −
88Ge − 60.8 ± 6.1 1.02∗ −
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4.3 Determination of Pn value
The branching ratio of neutron emission following a β decay is deduced based on the
γ-ray intensity in the β-γ spectrum observed in this work. As illustrated in Fig. 4.4, the
βn-decay daughter nuclei were populated with a certain probability Pn relative to the
total number of β decay. Following the same convention introduced by Fig. 4.4 , the Pn
value could be deﬁned as the number of A−1Z+1X5 populated by the β decay of
A
ZX1 divided
by the total number of AZX1 implanted in the silicon detectors, which can be written as
Pn =
N(A−1Z+1X5)
N(AZX1)
=
N1β(
A−1
Z+1X5)
N1β(
A
ZX1)
. (4.23)
In the equation, N1β(
A
ZX1) and N
1
β(
A−1
Z+1X5) are respectively the numbers of detected β
decays from AZX1 and
A−1
Z+1X5 along the decay chain starting from
A
ZX1. The superscript
“1” emphasizes the measurement is referred to the implantation of AZX1. The right-hand
side of Eq. (4.23) is a consequence of identical β-ray detection eﬃciencies between A−1Z+1X5
and AZX1, which is a good approximation because of the identical β-emission pixel and
the high β-ray energies. The cancellation of β-detection eﬃciency from the right-hand
side of Eq. (4.23) is of great signiﬁcance in this work to avoid the large uncertainty
introduced by the β-detection eﬃciency. Since the γ-ray detector array worked in a
slave mode with silicon trigger rather than self trigger, the number of detected β decay
N1β(
A−1
Z+1X5) can be obtained via the β-delayed γ-ray intensity of
A−1
Z+1X5 observed in the
β-γ spectrum of AZX1. The corresponding equation can be expressed as
N1β(
A−1
Z+1X5) =
N1γ1(
A−1
Z+1X5)
Iγ1(
A−1
Z+1X5)ǫ
1(γ1)
, (4.24)
where N1γ1(
A−1
Z+1X5) is the measured number of a β-delayed γ ray, called γ1, from
A−1
Z+1X5
along the decay chain starting from AZX1. In such deﬁnation, the correlation time be-
tween an implanted AZX1 and a β-decaying
A−1
Z+1X5 has to be inﬁnitely long to include all
the decay events of A−1Z+1X5. Practically, a ﬁnite-width time window τ was applied to the
β-γ spectrum of AZX1, in which the number of detected γ1 was denoted as N
1
γ1
(A−1Z+1X5|τ).
Since the time distribution of γ1 was well described by the time diﬀerential of Eq. (4.8),
one can easily ﬁnd the relationship between N1γ1(
A−1
Z+1X5) and N
1
γ1
(A−1Z+1X5|τ) as
N1γ1(
A−1
Z+1X5) =
N1γ1(
A−1
Z+1X5|τ)
P 1τ (
A−1
Z+1X5)
, (4.25)
where the scaling factor P 1τ (
A−1
Z+1X5) stands for the ratio between the number of β decay
from A−1Z+1X5 within a time window τ after the implantation of
A
ZX1 and that in the
inﬁnitely long time window. The scaling factor can be directly calculated with the
deﬁned window width τ , T1/2(
A
ZX1) and T1/2(
A−1
Z+1X5). Going back to Eq. (4.24), ǫ
1(γ1)
is the absolute γ-ray eﬃciency at γ1 and Iγ1(
A−1
Z+1X5) is the absolute γ-ray intensity
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populating γ1 per β decay of
A−1
Z+1X5, which can be otained with Eq. (4.26) based on the
β-γ spectrum of implanted A−1Z+1X5.
Iγ1(
A−1
Z+1X5) =
N5γ1(
A−1
Z+1X5)
ǫ5(γ1)N
5
β(
A−1
Z+1X5)
(4.26)
The superscript “5” in the equation means that the denoted measurements are related
to the implantation of A−1Z+1X5, being distinguished from the N
1
β(
A−1
Z+1X5) and N
1
γ1
(A−1Z+1X5)
in Eqs (4.23)−(4.24). Thus, the diﬀerence between the ǫ1 and ǫ5 at γ1 is caused by dif-
ferent implantation depths between AZX1 and
A−1
Z+1X5, while the N
5
β(
A−1
Z+1X5) is the number
of detected β decay from implanted AZX5. Similarly, N
5
γ1
(A−1Z+1X5) is the total number
of γ1 populated by the β decay of implanted
A−1
Z+1X5, which was substituded by the
N5γ1(
A−1
Z+1X5|τ), the number of γ1 detected within a time window τ , in this analysis with
a scaling factor P 5τ (
A−1
Z+1X5) that only depends on τ and T1/2(
A−1
Z+1X5).
N5γ1(
A−1
Z+1X5) =
N5γ1(
A−1
Z+1X5|τ)
P 5τ (
A−1
Z+1X5)
(4.27)
Note that both the N1β(
A
ZX1) in Eq. (4.23) and N
5
β(
A−1
Z+1X5) in Eq. (4.26) can be obtained
by integrating the parent decay component in the total decay curve shown in Fig. 4.5, of
which the value equals to X0 in Eq. (4.5). Here, one assumption is made that the parent
decay activity contributed by the contaminations suﬀering secondary reactions before
the implantation was no more than 10%, which is estimated based on the LISE++
simulation code. The corresponding uncertainty was included by systematic error of
the analyses as explained below. The prerequisite of Pn value such obtained is that the
Iγ(
A−1
Z+1X5) involved in Eq. (4.24) and Eq. (4.26) are identical with each other, which is
equivalent to the condition that no β-decaying isomer exists in A−1Z+1X5. Otherwise, dif-
ferent probabilities feeding to the β-decaying isomer between an implantation of A−1Z+1X5
and a βn decay from AZX1 will vary the Iγ(
A−1
Z+1X5), which was not considered in the
present analysis. Combining Eqs. (4.23)−(4.27), the ﬁnal equation to determine the Pn
value of the parent nuclei is given by
Pn =
N1γ1(
A−1
Z+1X5|τ)P 5τ (A−1Z+1X5)ǫ5(γ1)N5β(A−1Z+1X5)
N5γ1(
A−1
Z+1X5|τ)P 1τ (A−1Z+1X5)ǫ1(γ1)N1β(AZX1)
(4.28)
The experimental uncertainty is determined by combining the statistical error and
systematic error with square-sum rule. The statistical error originated from the low-
counting γ peak 1/
√
Nγ dominated the total uncertainty when it is greater than 16%.
The systematic uncertainty is evaluated based on the uncertainty of individual term.
• The γ-ray eﬃciency ǫ(γ): The γ-ray eﬃciency depends on the position from where
the γ ray is emitted. With calibration source put in the WAS3ABi chamber at
postions of z = 0, 4, 8, the eﬃciency curves give maximum relative variation of
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Fig. 4.10: Relative difference of γ-ray detection efficiency as a function of γ-ray
energy between γ source put at z = 4 and z = 0 (blue) or between γ source put
at z = 4 and z = 8 (red). From the figure, the maximum variation in the γ-ray
detection efficiency along z was estimated to be no larger than ±15%.
±15% (Fig. 4.10) for all the γ ray within 1.5 MeV. In principle, varied eﬃciencies
along implantation depth z should be applied to diﬀerent fragments to achieve
a smaller systematic uncertainty in the Pn determination. However, the total
yields of γ peaks were too low to allow such an analysis because of the large
statistical error induced by the low-counting rate γ peaks. Therefore, the ﬁnal
result accumulated all the statistics of γ peak at a speciﬁc energy and accounted
the variation of γ-ray detection eﬃciency as a systematic error no larger than
±15%.
• Total number of detected β decays N1β(
A
ZX1) and N
5
β(
A−1
Z+1X5): Both of these num-
bers were obtained by integrating the activities of parent nuclei in the the cor-
responding decay curve, in which the uncertainty can be attributed to the unex-
pected reaction contaminations coming from the Al degrader in front of silicon
stopper. The ratio of such contaminations in the implantation was predicted by
LISE++ code which gave a result < 10%. Therefore, an systematic uncertainty of
±5% was assumed in the analysis to account the reaction contaminations in the
β counting together with the statistical uncertainty of 1/
√
Nβ.
• Decay ratio between a ﬁnite width time window τ and an inﬁnite time window
P 1τ (
A−1
Z+1X5) and P
5
τ (
A−1
Z+1X5): The values were directly determined by the half-lives
of A−1Z+1X5,
A
ZX1, and the time width τ . Thanks to the precise measurements of
β-decay half-lives, this uncertainty can be well controled below 1%.
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Finally, the systematic uncertainty gives a total contribution 16% relative to the ob-
tained Pn values. This value limited the upper limit of the accuracy achievable from
the experiment.
Similar to the Pn value, a Pβ value can be deﬁned as the branching ratio of β decay
producing AZ+1X2 without neutron emission. Following a similar procedure as introduced
above, Eqs. (4.29)−(4.31) can be constructed to deduce the Pβ value of AZX1.
Pβ =
N( AZ+1X2)
N(AZX1)
=
N1β(
A
Z+1X2)
N1β(
A
ZX1)
; (4.29)
N1β(
A
Z+1X2) =
N1γ1(
A
Z+1X2)
Iγ1(
A
Z+1X2)ǫ(γ1)
; (4.30)
Iγ1(
A
Z+1X2) =
N2γ1(
A
Z+1X2)
ǫ(γ1)N
2
β(
A
Z+1X2)
. (4.31)
The meanings of corresponding observables in Eqs. (4.29)−(4.31) are analogues to that
involved in Eqs. (4.23)−(4.26). If no β2n or any decay mode emitting more than one
neutron is availble for AZX1, one can come to the condition that
Pn + Pβ = 1, (4.32)
which provides an alternative to deduce the Pn value of
A
ZX1. This was useful and
involved in the analyses for the cases that the βn branch is too weak to get Pn value
with reasonable statistical uncertainty.
Detailed conditions and analyses to deduce the Pn values of
74−75Co, 77−78Ni,
80−81Cu, 83,84Zn and 85−86Ga can be found in Appendix B. As a summary, all the Pn
values deduced by this work are listed in Table 4.3, together with literature if available.
To avoid ambiguity, the branching ratios of βn- and β-decay channels are presented as
Pβn and Pβ respectively, whereas the Pn values are taken either from Pβn or Pβ or a
weighted mean value on the previous two values, depending on the relative uncertainty
in the result. According to Table 4.3, the uncertainties of the present work are accept-
able compared with the Pn values of
74Co and 77Ni in literature. The main contributions
in the uncertainty are the statistical uncertainty in γ-ray counting and systematic un-
certainty in γ-ray detection eﬃciency. Note that even though both Pβ and Pn were
measured for 81Cu, the adopted Pn value only account the direct Pn measurement since
there was potentially unobserved β2n decay. In 86Ga, the result in the present work is
less accurate than literature since the present experimental setup was not optimized for
86Ga, which is far away from 78Ni and 81Cu. Many fragments of 86Ga were not correctly
stopped in the silicon detectors, leading to a low statistics for the data analysis.
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Table 4.3: The Pn and Pβ values determined by this experiment and comparison
with literature. The column Pn is the final result, which is either taken from Pβn
or Pβ or weighted average on previous two values.
This work Literature
Nuclide Pβn(%) Pβ (%) Pn (%) Pn (%)
74Co − 86(11) 14(11) 18(15) [60]
75Co 28(8) 71(17) 29(5) <16 [60]
77Ni − 76(16) 24(16) 30(24) [60]
78Ni − 67(14) 33(14) −
80Cu − 42(9) 58(9) −
81Cu 81(20) 16(8) 81(20) −
83Zn > 67(25) − > 67(25) −
84Zn 73(26) − 73(26) −
85Ga − 21(6) 79(6) −
86Ga 74(29) − 74(29) 60(10) [65]
92 CHAPTER 4. EXPERIMENTAL RESULTS
Chapter 5
Discussion
In the previous chapter, the β-decay half-lives and Pn values are obtained and summa-
rized in Tables 4.1−4.2 and Table 4.3, respectively. Since the half-lives of less neutron-
rich nuclei obtained with and without γ-ray coincidence well agree with each other within
±1σ uncertainty, a reasonable half-life determination for the exotic nuclei without γ-ray
coincidence is suggested. Even though some of the Pn values remain large uncertainties
in this work, acceptable agreements were achieved with limited number of literature
available in the region. Based on the systematics of obtained half-lives together with
literature, the shell evolution along the Z = 28 and N = 50 chains are discussed in
Sec. 5.1. Comparisons between the experimental half-lives and various global models
are presented in Sec. 5.2. The systematics of Pn values and comparisons with global
models are given by Sec. 5.3. Finally, the shell model calculation is discussed for the
N = 50 isotones in Sec. 5.4.
5.1 Systematics of β-decay half-lives
The β-decay half-life is an integral quantity summing transition rates over all the ener-
getic possible states in a daughter nucleus. Theoretically, it can be written as
1
T1/2
=
∑
0≤Ei≤Qβ
Sβ(Ei)× f(Z,Qβ −Ei), (5.1)
where Sβ(Ei) is so-called β-strength function [67] describing the energy distribution
of transition matrix. The variable Ei is regarded as the excitation energy relative to
the ground state of the daughter nucleus. The phase-space factor f(Z,Qβ − Ei) is an
integrated Fermi function originating from the Coulomb interaction between a nucleus
and a β particle. The variables Z and Qβ in the function are the atomic number and
isobaric mass diﬀerence between the parent and daughter nuclei, respectively. Since the
transition rates to the low-lying states of daughter nucleus are strongly enhanced by
the phase-space factor f ∼ (Qβ −Ei)5, the strongest contribution in a T1/2 comes from
transitions feeding to the low-lying states near the ground state via allowed Gamow-
Teller (GT) or First-Forbidden (FF) transitions. Generally speaking, nuclei close to
the β-stable line are accompanied by dramatic variations in the β-decay half-lives as a
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function of Z or N because of the small magnitude of Qβ values, in which the nuclear-
structure eﬀects, such as the paring interaction and the structure of the excited energy
levels, cause large ﬂuctuations. For nuclei far from the β-stable line, however, the
Qβ value is much larger than that in the vicinity of β stability. Hence, the inﬂuence
of certain nuclear structure eﬀects can be smoothen according to the less dominant
contribution in Eq. (5.1), which instead reﬂects some gross properties of Qβ in neutron-
excess nuclei. Since the Qβ value is strongly correlated with the nuclear mass, systematic
study on the β-decay half-lives of exotic nuclei, which are diﬃcult to be accessed by
other experimental approaches, provides the ﬁrst insight of the nuclear shell evolution
far from the stability.
Along this direction, it is straightforward to plot β-decay half-lives as a function
of neutron number in Fig. 5.1(a) for isotopes with Z = 26 − 32. All the data points
in the ﬁgure are taken from experimental values, either from literature or from this
work listed in Tables 4.1−4.2. The half-lives measured with β-γ coincidence are dealt
with higher priority than that without γ-ray coincidence to be adopted as the present
experimental result because of the smaller uncertainty induced by the ﬁtting analysis. If
the experimental results of both present work and literature are available and consistent
with each other, the one with smaller uncertainty is adopted. Otherwise, the half-
lives from present experiment are taken. The vertical bars overlaying on the data
points represent for the experimental uncertainties. According to the ﬁgure, a declining
trend of logarithmic half-lives is smoothly evolving with increasing neutron number
except for a few cases close to β-stable line (N = 47 and Z = 32 − 33), where a low
Qβ value is expected in the β decay. Plotting half-lives in a logarithmic scale helps
for investigating the evolution uniformly, ranging from a few seconds down to a few
milliseconds. Following a roughly linear function of neutron number, a remarkable
similarity in the slope of logarithmic half-lives between individual isotopic chains can
be observed in this local region. Beyond this, a kink of half-life evolution emerges
at N = 50 for the 28Ni isotopic chain, where a steep reduction deviating from the
linear systematics below N = 50 is revealed in 79,80Ni. Based on the idea introduced
in Ref. [100], a shell closure N = 50 is suggested for the Z = 28 isotopes. However,
the kink is observed with a less stronger strength in the 29Cu isotopes and, moreover,
almost unobservable in isotopes with Z = 30 − 32. According to the works prior to
this experiment [49–52, 54, 55, 101, 102], the closed-shell character at N = 50 is getting
weakened when approaching 78Ni from 90Zr50 along the N = 50 isotonic chain and
reaches its minimum around Z = 32. Naively speeking, the absence of drastic reduction
in the half-life beyond N = 50 with Z = 30−32 is consistent with the present knowledge
about the N = 50 shell closure introduced above. However, quantitative study based on
a microscopic calculation is necessary to gain a further insight to the half-life evolution
around N = 50 because of the complexity of contributions to the total β-decay rate.
Relevant discussion including the comparisons with global calculations is presented in
Sec. 5.2.
Another noticeable systematics emerging in Fig. 5.1(a) is the large gap between
half-lives of the 27Co and 28Ni isotopes with N = 44 − 50. In order to highlight the
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Fig. 5.1: Systematics of β-decay half-lives (a) as a function of neutron number for
isotopes Z = 26−32; (b) as a function of proton number for isotones N = 45−54.
All the points are experimental data which are either taken from literature or this
work.
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Fig. 5.2: Schematic single particle levels of proton and neutron involved in the
shell model calculations around 78Ni [47, 56, 103].
gap clearly, experimental half-lives are plotted as a function of proton number for the
isotones with N = 44 − 54 in Fig. 5.1(b), from which a systematc shorter half-lives in
the Z = 27 isotopes relative to the systematics in Z ≥ 28 is observed. For isotones with
N = 44− 45, the kink at Z = 28 is mixed with a strong even-odd staggering because of
the relatively small Qβ values dominated by the nucleon pairing interaction. In isotones
beyond N = 46, the paring eﬀect of even-odd staggering becomes less dominant in the
half-life determination, whereas the kink at Z = 28 persists, which indicates a shell gap
eﬀect at Z = 28 in the systematics of half-life. This striking result can be understood
in terms of the nucleon single particle levels drawn in Fig. 5.2 which is predicted by the
shell model calculations in the vicinity of 78Ni [47,56,103]. According to the theoretical
prediction in Ref. [97], the main contribution to the β-decay transition from a 27Co to
a 28Ni isotope is either the FF transition from the νg9/2 SPO to the πf7/2 SPO or the
GT transition from the νf5/2 SPO to the πf7/2 SPO. Since the πf7/2 SPO is not fully
occupied according to Independent Particle Model, both of the transition channels are
available and favored in the β decay of 27Co isotopes because of the largeQ value released
in the transitions. However, those transitions are much hindered in the β decay of 28Ni
by the Pauli-blocking eﬀect which drives the produced proton to the next SPO πf5/2.
Note that the spin-orbit splitting energy between the πf7/2 and πf5/2 SPOs represents
the major shell gap at Z = 28. Thus, it is expected to result a strong reduction in
the Q value released in the β decay 28Ni→29Cu compared with that in 27Co→28Ni.
Because the T1/2 is regarded in an approximate proportion to the minus ﬁfth power of
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Fig. 5.3: Evolution of proton single-particle energies between 68Ni and 78Ni, which
is taken from Ref. [47].
the Q value, reduction in the Q value with a magnitude of the shell gap Z = 28 will
greatly slow down the β-decay half-lives of the 28Ni isotopes, which is consistent with
the experimental observation. Therefore, a sizable shell gap Z = 28 is suggested by the
relatively short half-lives in the 27Co isotopes exhibited in Fig. 5.1(b) up to N = 50.
Similar behavior of the short decay half-lives can be found in the neutron-rich 19K and
49In isotopes [68], which correspond to the well deﬁned proton shell closures Z = 20
and Z = 50, respectively.
As discussed in Sec. 1.2, the magicity at 78Ni has been extensively studied during
the last decade via both experiments and theories. The proton shell closure Z = 28
is predicted to be quenched at N = 50 based on a series of experiments [41–45] and
the shell model calculation [47] with strong proton-neutron monopole interaction [48].
With the monopole interaction, the spin-orbit splitting energy between the πf7/2 and
πf5/2 SPOs decreases with an increasing number of neutrons occupying the νg9/2 SPO.
The resulted energy evolutions of the proton SPOs as a function of neutron number
with N = 40 − 50 are shown in Fig. 5.3 which is taken from Ref. [47]. Since no
direct measurement based on the γ-ray spectroscopy or nuclear mass is available so far
evaluating the Z = 28 shell gap in 78Ni, the β-decay half-lives of the 27Co isotopes give
the ﬁrst, though indirect, evidence for a sizable proton shell closure Z = 28 in 78Ni.
The third point should be stressed in Fig. 5.1(a) is the abnormal half-life at 84Ga
deviating from the general systematics of 31Ga isotopes. According to the studies prior
to this work [54,102,104], an onset of deformation is suggested at Z = 32 by the experi-
ments based on γ-ray spectroscopy and mass measurement, including 84Ge which is the
β-decay daughter nucleus of 84Ga. Thus, the deviation can not be simply interpreted
as the shell gap eﬀect at 84Ga. Detailed discussion will be given by comparisons with
the theoretical works in Sec. 5.2.
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5.2 Comparison between experimental half-lives and
global calculations
In this section, experimental half-lives are compared with several global calculations
which are widely empolyed in many physical applications such as astrophysics because
they can provide nuclear physics inputs for a wide range of nuclei required by these
studies. Comparing with theoretical works allows a further insight into the obtained
experimental data whereas the discrepancies between the newly measured results and
predictions in turn help one to improve the theories developed so far to achieve a better
predictive capability.
Experimental half-lives including the present work and literature are exhibited in
Fig. 5.4 for isotopes with Z = 26− 32. Half-lives taken from literature are presented as
open triangles while half-lives obtained in the present work with and without γ-ray co-
incidence are plotted in the solid and open circles, respectively. Four global calculations
are included in the dicussion. The FRDM+QRPA [105], which is plotted in the red
line, is the ﬁnite-range droplet mass model [106] with the GT transition calculated by
quasiparticle random-phase-approximation (QRPA) [107] and FF transition considered
by the statistical gross theory [108,109]. The second model is the KTUY+GT2, i.e., the
KTUY mass formula [110] combined with the second generation of the gross theory of
β decay (GT2) [111]. The KTUY mass model is composed of two parts, one represent-
ing the general trend of the masses and the other representing the deviation from those
trends. The GT2 theory describe the general β-strength function, including the GT and
FF transitions, in a statistical manner while the nuclear structure eﬀect such as the shell
eﬀect and deformation are considered by the Qβ value as input data. The third model
included in the discussion is the AME2012+GT2, which replaces the KTUY mass model
in the previous calculation with the masses taken from the atomic mass evaluation 2012
(AME2012) [112], in which the latest experimental mass table is included together with
extrapolations to the unknown mass region. The last calculation compared with ex-
perimental data is the DF+CQRPA [113], in which the β-strength function is treated
within a self-consistent density-functional plus continuum-quasiparticle-random-phase-
approximation framework including the GT and FF transitions. Being recognized as
an important component in the β decay near closed shell [105], forbidden transitions in
the β-strength function are accounted by all the calculations discussed in the section.
However, only the DF+CQRPA model treats the FF transition in a microscopic manner
while all the other models consider the FF transition macroscopically.
According to the results for the 26Fe isotopes shown in Fig. 5.4, half-lives calculated
by the GT2 theory plus both the KTUY and AME2012 mass tables provide better
agreements with experimental data than that by FRDM+QRPA. A strong even-odd
staggering was observed in the FRDM+QRPA calculation below N = 44, which is
neither presented in the experimental data nor other two models. This was ascribed
to the omission of the eﬀective proton-neutron (pn) interaction in the particle-particle
channel, which breaks the SO(8) symmetry of the QRPA equations when calculating
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the relevant β-strength function [113]. Similar behaviors are shown in the calculations
for 27Co−32Ge isotopes as well. Besides, a large discrepancy (one order of magnitude)
emerges between the FRDM+QRPA calculation and experimental half-lives at N > 41.
This discrepancy is not regarded as a mass eﬀect since the Qβ values predicted by
the FRDM+QRPA calculation [106] are fairly close to that in the AME2012 mass
table [112], which result in much shorter half-lives. One of the possible reasons can be
the inappropriate assumption of the spherical ground states in 67−74Fe introduced to the
model [105], which aﬀected the β-strength distribution in Eq. (5.1). Of course, the mass
tables of KTUY and AME2012 are not necessarily correct since the experimental Qβ
is not available beyond 69Fe43. Thus, detailed investigation within the FRDM+QRPA
framework is desired to address the incorrect consideration in the model and reduce the
discrepancy between the calculation and experimental data for the 26Fe isotopes.
For the 27Co isotopes, calculated half-lives from individual models converge at
77Co, achieving good agreements with the experimental half-life at N = 50. At the
region N ≤ 45, however, the experimental half-lives locate intermediately between
the FRDM+QRPA and KTUY/AME2012+GT2 models. Unlike the case in the 26Fe
isotopes, FRDM+QRPA underestimates the half-lives of the 27Co isotopes. Together
with the calculations in 28Ni−32Ge isotopes, half-lives overpredicted for the even-Z
nuclides and underpredicted for the odd-Z nuclides are observed alternatively in the
FRDM+QRPA calculation, resulting in an unrealistic even-odd staggering in the half-
life determination along both isotopic and isotonic chains. On the contrary, half-lives
predicted by the KTUY/AME2012+GT2 models show reasonably smooth tendencies
as functions of both neutron and proton numbers.
For the 28Ni isotopes with A = 44 − 50, both KTUY+GT2 and DF+CQRPA
predict reasonably consistent half-lives compared with the experimental data, showing
a fairly regular behavior of the half-life evolving as a function of the mass number A.
However, half-lives calculated by the DF+CQRPA model follow the same systematics
when N > 50 whereas half-lives from the KTUY+GT2 model shift downwards beyond
N = 50 compared with the systematics below N = 50. Although the absolute half-
lives are underestimated, the KTUY+GT2 model reproduces the trend shown in the
experimental half-lives beyond N = 50, which can not be correctly described by neither
DF+CQRPA nor AME2012+GT2. It is noteworthy that the strength of the kink atN =
50 in AME2012+GT2 is signiﬁcantly reduced compared with both the experimental data
and the KTUY+GT2 model. Since the KTUY+GT2 and AME2012+GT2 calculations
are solely diﬀered by the mass table, the weakened kink suggests an underestimation of
the shell gap N = 50 in the half-lives calculated with the AME2012 mass table. One
should be aware that the masses around 78Ni in AME2012 are extrapolated from the
measured masses nearby such as 80Zn [112], in which a weakening of the N = 50 shell
gap is expected from the nuclear mass measurement [54, 55]. Thus, the experimental
half-lives of 79−80Ni, which show a stronger kink beyond N = 50, give an implication to
the enhancement of the N = 50 shell gap in Z = 28 compared with that in Z ≥ 30.
In the 29Cu isotopic chain, the DF+CQRPA model reasonably reproduces the
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measured half-lives until 81Cu while other global models become underestimated. Ig-
noring the unrealistic even-odd staggering in FRDM+QRPA, the KTUY+GT2 and
FRDM+QRPAmodels show similar tendencies for the half-lives in N ≤ 50. ForN > 50,
the KTUY+GT2 model predicts too short half-lives compared with the experimental
data, producing a kink as strong as that in the 28Ni isotopes. In contrast, half-lives
predicted by the FRDM+QRPA model evolve smoothly when crossing N = 50, beyond
which better agreements with the experimental data are achieved. Interestingly, the
calculation based on AME2012 is accompanied by large deviation beyond 74Cu even
though the experimental Qβ values were available up to
76Cu.
Comparison between the experimental half-lives and global models are fairly similar
in the even-Z isotopes 30Zn and 32Ge. Half-lives are overestimated by the FRDM+QRPA
and DF+CQRPA models whereas the KTUY+GT2 model provides reasonable predic-
tion at N ≤ 50 but underestimates the half-lives beyond N = 50. The calculation based
on the DF+CQRPA well reproduces the trend of experimental half-lives but overesti-
mates the absolute values for both 30Zn and 32Ge isotopes, which was stated out as a
slightly lowered strength of the particle-particle (pp) interaction involved in the calcu-
lation [113]. In the KTUY+GT2 calculation, the main discrepancy from experimental
data is the unrealistic kink showing at N = 50. Similar kink could also be observed in
the AME2012+GT2 calculation with a less stronger strength. It should be emphasized
that the experimental Qβ values were involved in the AME2012 mass table for
81Zn51
and 83Ge51, of which the experimental half-lives evolve smoothly compared with the
half-lives of 80Zn50 and
82Ge50, respectively. Thus, this disagreement indicates a missing
consideration in the GT2 β-decay theory which should compensate the shell gap eﬀect
from the mass table in the half-life determination beyond N = 50. Possible reason could
be the shell structure eﬀect, such as the selection rules in the GT or FF transitions with
proton and neutron occupying diﬀerent major shells, which eﬀectively reduces the Qβ
value involved in the β-decay theory. The eﬀective Qβ value should not be regarded as
the energy diﬀerence between the gound states of the parent and daughter nuclei but
the maximum Q value reachable in the β decay.
In the calculations for the 31Ga isotope, reasonable agreements to the experimental
half-lives are achieved by all the models below N = 50. Divergences between diﬀerent
models emerge again beyond N = 50, where a suppresion in the half-lives are predicted
by the KTUY/AME2012+GT2 calculations while the FRDM+QRPA and DF+CQRPA
models obtain half-lives following the same systematics in N ≤ 50. The experimental
half-lives support the predictions by FRDM+QRPA and DF+CQRPA in 82−83Ga but
suddenly decrease by a factor of 3 in 84Ga, which is not predicted by any model. The
disagreements between the experimental data and calculated values beyond 84Ga were
tentatively attributed to the onset of the ground-state deformation which could not be
properly described within the spherical approaches discussed here [113]. Thus, inclusion
of the ground-state deformation is desired for all the models before re-evaluating the
performance of global models in this region.
As an overview to the global calculations examined in this section, all the mod-
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els well reproduce the tendency of half-life evolving as a function of N but none of
them succeed in precisely predicting the half-lives for the entire region. Results from
the FRDM+QRPA model correctly describe the general behavior of the half-life evolu-
tion when crossing the N = 50 shell for the isotopes with Z = 28 − 32 but present an
unrealistically strong even-odd staggering as functions of bothN and Z, causing system-
atically longer half-lives for the even-Z nuclei and shorter half-lives for the odd-Z nuclei
compared with experimental data. Half-lives calculated by the KTUY/AME2012+GT2
models show similar results with each other due to the same β-decay theory of GT2.
Generally, they provide better predictions at N ≤ 50 but large discrepancy emerge in
N > 50 where the half-lives are very much underestimated except for the Z = 28 iso-
tope. This phenomenon indicates a limited predictive power related with the present
version of GT2 theory when calculating half-lives beyond neutron closed shell. The
microscopic calculation, DF+CQRPA, gives predictions with reasonable accuracy for
most of nuclei but predicts longer half-lives of 30Zn, 32Ge,
79−80Ni, 82Cu, and 84−87Ga
than experimental data.
5.3 Systematics of Pn value and comparisons with global
models
The β-delayed neutron emission (βn) may take place following a β decay of very neutron-
rich nucleus when the Qβ exceeds the neutron separation energy (Sn) in the daughter
nucleus. Roughly speaking, the βn probability (Pn value) increases for neutron-rich
nuclei when moving away from the β-stable line primarily due to the increased energy
window in Qβ together with the reduction of Sn in the daughter nucleus. If one neglect
the possible γ decay from a neutron-unbound state, becaus of the much faster process
of nucleon decay than that of electromagnetic decay, the Pn value is schematically given
by
Pn =
Qβ∑
Sn
Sβ(Ei)× f(Z,R,Qβ − Ei)
Qβ∑
0
Sβ(Ei)× f(Z,R,Qβ − Ei)
, (5.2)
referring to the ratio of the integral β-decay intensity feeding to the states above the
neutron separation energy Sn to the total β-decay intensity. Thus, the energy window
corresponding to the βn decay is represented as Qβn = Qβ−Sn. It is easy to see that the
Pn value is strongly aﬀected by the details of nuclear structure in both the parent and
daughter nuclei via the Qβ and Sn values as well as the level structure populated in the
β decay. For instance, the Pn value will be enhanced by the preferential feeding to the
states above Sn, which is determined by the single-particle energies (SPE) of both proton
and neutron. Thus, studying Pn values together with the half-lives will narrow down
the uncertainties of ingredients involved in theoretical calculations to better understand
shell structure evolution far from the β-stable line.
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Fig. 5.5: Systematic comparisons between the experimental Pn values and various
global predictions including: (a) FRDM+QRPA-1 in red line; (b) FRDM+QRPA-
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Details are explained in the main text. Expereimental Pn values from this work
and literature [60,61,117] are plotted as the open squares and circles, respectively.
The value of Qβn/Qβ is drawn in triangle with the Qβn and Qβ values taken from
the AME2012 mass table. The vertical coordinate is drawn on the right side of
each subfigure.
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In Fig. 5.5, the Pn values measured from this experiment as well as literature are
plotted as a function of neutron number N for the isotopes with Z = 27− 31, together
with the predictions from various models. The Pn values taken from the present work
and literature [60, 61, 117] are drawn as the solid and open squares, respectively. As
an analogue to the Pn value, a new variable Qβn/Qβ is plotted in the triangles with
Qβn and Qβ taken from the AME2012 mass table [112]. To be distinguished from
the Pn values, the vertical coordinate of Qβn/Qβ is drawn on the right side of the
corresponding subﬁgure. The new variable stands for the relative ratio between the
Qβn and Qβ window, which will be close to the Pn value if the GT and FF transition
rates uniformly distribute along the excitation energy up to Qβ. It is introduced to
discuss and understand some gross properties of Pn values. Global calculations by the
FRDM+QRPA-1/-2, KTUY+GT2 and DF+CQRPA models are exhibited in the same
ﬁgure for the purpose of comparison. Calculations are distinguished from each other by
diﬀerent colors and follow the same notations as that introduced in the discussion of half-
lives. The Pn values shown as FRDM+QRPA-1 includes all the multineutron emission
channels such as one-, two-neutron emission, while the FRDM+QRPA-2 calculation
is restricted to the one-neutron emission probability which can be explicitly written
as P1n. Probabilities from other models are regarded as the multineutron emission
probabilities since the numerator in Eq. (5.2) is integrated from Sn to Qβ , regardless
to the locations of multineutron separation energies such as S2n, S3n, and so on. In
contrast, experimental data drawn in Fig. 5.5 is dedicated to the one-neutron emission
probability P1n. Normally, experimental P1n takes all the probability in Pn for most of
the cases since only 18 nuclides have been identiﬁed as β2n emitter so far [65,114], with
considerable contribution from P2n in Pn.
As shown in Fig. 5.5, the experimental Pn values of 27Co isotope gradually increase
as a function of neutron number N when combining the Pn value of
73Co from litera-
ture and that of 74−75Co from the present work. Following a similar trend as that of
Qβn/Qβ without even-odd staggering, the experimental Pn values locate intermediately
between the predictions of KTUY+GT2 and FRDM+QRPA. Comparing with the re-
sults in other isotopes, 27Co is the only isotopes that KTUY+GT2 overpredicts the
experimental Pn values. This discrepancy directly stems from the statistical manner of
KTUY+GT2 since the β decay 27Co→28Ni is accompanied with a large Qβn/Qβ value,
which somehow does not lead to an experimental Pn value as large as that expected by
KTUY+GT2. This indicates a preferential feeding to the low-lying states in 28Ni by
the GT/FF transitions of 27Co. Thus, such nuclear structure eﬀect is necessary to be
considered by the KTUY+GT2 model to correctly describe the Pn values in the 27Co
isotopes, which are one proton less than the proton closed shell.
Systematics in the 28Ni isotopes until
78Ni is similar to that of the 27Co isotopes.
Both the FRDM+QRPA and DF+CQRPA calculations give predictions with reason-
able agreements to the experimental data, whereas systematic underestimations emerge
in the KTUY+GT2 calculation. If a deviation ±2σ is considered as the experimental
uncertainty, no model between FRDM+QRPA and DF+CQRPA can be excluded be-
cause of the sizable error bar remaining in the result. Generally speaking, a relatively
5.3. SYSTEMATICS OF PN VALUE AND COMPARISONS WITH GLOBAL
MODELS 105
weak Pn value lower than 40% at
78Ni is suggested by the experimental result.
Starting from the 29Cu isotopes, the experimental Pn values become available be-
yond N = 50, where the FF transition connecting initial and ﬁnal states with diﬀerent
parities in diﬀerent major shells starts playing an important role in the total β-decay
rate. According to the experimental results, the Pn values increase rapidly in
76−79Cu
which are reasonably reproduced, though with slightly underestimated magnitudes, by
the DF+CQRPA calculation. According to Fig. 3(b) in Ref. [113], predicted Pn val-
ues without including the FF transition quickly reach the maximum around 100% in
80Cu. In contrast, the calculated Pn values accounting the FF transition, as shown in
Fig. 5.5, present a kink at 79Cu, beyond which a suppression in the Pn value is predicted
at 80Cu. Thus, the experimental Pn value at
80Cu provides a direct evidence to verify
the existence of high-energy FF transition noticeably contributing to the total β-decay
strength. The obtained Pn value 58(9)% well follows the prediction by the FF-included
DF+CQRPA model, which strongly demonstrates the importance of the FF transition
in the 29Cu isotope beyond N = 50. The reduced Pn value of
80Cu relative to 79Cu can
be interpreted by the extra stability gained in the even-even daughter nuclide, 80Zn,
which eﬀectively decrease the relative ratio between the Qβn and Qβ energy windows.
According to the predictions by DF+CQRPA, β decay of 79−85Cu via the GT transition
feeds to the high-lying states above the Sn while the states below the Sn are mainly fed
by the FF transitions [113]. Within the same model, one can easily observe an even-odd
staggering in the calculated Pn values of
79−85Cu, which is conﬁrmed by the experimen-
tal values up to 81Cu. This phenomenon can be understood by the even-odd staggering
in the Qβn/Qβ value plotted in Fig. 5.5. Since the calculation of Qβn/Qβ is much easier
than that of the Pn value, it is a helpful reference to understand and predict some gross
properties showing in the Pn values. Besides, even though the experimental data of
80−81Cu are precisely matched by the FRDM+QRPA-1 calculation, the model fails in
reproducing the considerable large Pn values below N = 50, indicating an unrealistic
GT strength distributed below the neutron separation energies of the daughter nuclides.
For the comparison of 30Zn isotopes, all models give similar Pn values belowN = 51,
beyond which the DF+CQRPA model predicts a rapid ascent approaching 100% at
N = 52. In the calculation by FRDM+QRPA-1, a moderate Pn value around 50% is
predicted at N = 52. Unfortunately, the experimental data obtained in the present
work remain too large uncertainties, which are caused by the unknown absolute γ-ray
intensity in the β decay of 82Ga as well as the low statistics of 84Zn, to conclude any
preference between diﬀerent models. Due to the same reasons, the sizable amount of
P2n predicted by the FRDM+QRPA model in
83−84Zn can be neither conﬁrmed nor
excluded by the present experimental result.
In the 31Ga isotopes, Pn values predicted by DF+CQRPA are too weak to repro-
duce the experimental data. The discrepancy imply a too low energy distribution of GT
strength relative to the Sn in the daughter nuclei. On the contrary, calculations by the
FRDM+CQRPA and KTUY+GT2 models provide better agreements with the experi-
mental data. It should be stressed that the experimental Pn value of
86Ga in Fig. 5.5 is
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speciﬁed as P1n which was recently reported as 60(10)% together with a P2n = 20(10)%
in Ref. [65]. It can be concluded from the ﬁgure that the strength of β1n decay is under-
estimated by the FRDM+QRPA model, in which the P2n = 40% predominate the total
β-decay strength, being inconsistent with the experimental result. As being stated in
Ref. [65], the misprediction of relative strength between the β1n and β2n decay channels
could stem from the spherical assumption of the ground state which is inappropriate in
this region or the omission of the statistical nature of the competition between the β1n
and β2n decays throughout the entire Qβ window. Same argument can be raised to
the calculation by KTUY+GT2, although the multineutron emission channels can not
be clearly distinguished from each other in the present discussion because of techical
diﬃculty.
As a summary, by comparing the experimental Pn values to various calculations,
insuﬃciencies in respective models are addressed. The DF+CQRPA model calculates
Pn values with the best overall agreements to the experimental data in isotopes with
Z = 28 − 30 but fails in reproducing the Pn values of 31Ga isotope. The Pn values
calculated by the FRDM+QRPA model are reasonably consistent with the measured
values in the isotopes with Z = 27, 28, 30, 31 but not for 77−79Cu and overestimate
the ratio P2n/Pn in
86Ga. Unlike the prediction for β-decay half-life. the Pn values
calculated by KTUY+GT2 are not as accurate as other models, which might be caused
by inappropriate β-strength distribution of the GT or FF transitions involved in the
calculation. A variable deﬁned as Qβn/Qβ shows a remarkable similarity in the even-odd
staggering as a function of N with that of the Pn values, which can serve as a reference
to understand the evolution of Pn values from a statistical manner of β decay.
5.4 The nuclear shell model at N = 50
As presented in the previous sections, experimental half-lives and Pn values can be
exploited as sensitive probes to benchmark various global calculations. However, none
of the model so far is able to reproduce the experimental data with universal consistensy
in the region. Thus, it is of great interest to evaluate the reliability of those observables
predicted by the interacting shell model (SM), which is usually regarded as the standard
approach studying the nuclear structure near singly or doubly shell closure.
Here, half-lives and Pn values calculated by the shell model are taken from Ref. [97],
in which decay properties of neutron-rich nuclei with N = 50, 82, and 126 are presented.
The calculation assumed a 48Ca core and the model space is spaned by the 0f7/2,5/2 and
1p3/2,1/2 orbits for protons and the 0f5/2, 1p3/2,1/2, and 0g9/2 orbits for neutrons. The
single-particle energies and the residual interaction are identical to the ones adopted in
Ref. [47] to study the shell evolution between 68Ni and 78Ni. Operators corresponding
to the GT and FF transitions are coupled with the quenching factors to reproduce the
known half-lives in the vicinity of N = 82 and 126. The calculated results are presented
in Fig. 5.6 together with the experimental results drawn as the solid squares. As refer-
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Fig. 5.6: Comparisons between the experimental data of (a) half-lives (b) Pn
values and various calculations at N = 50. Calculations including here are: (1)
FRDM+QRPA in red line; (2) KTUY+GT2 in blue line; (3) DF+CQRPA in pink
line; (4) Nuclear shell model in green line. Details are explained in the main text.
Experimental data is drawn as open square. In Fig. 5.6(b), the Qβn/Qβ values
are dawn as the open triangles with the vertical coordinate on the right side. The
relevant Qβn and Qβ values are taken from the AME2012 mass table.
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ences, global calculations based on the FRDM+QRPA, KTUY+GT2 and DF+CQRPA
model are plotted in the same ﬁgure with diﬀerent colors. In Fig. 5.6(b), the Qβn/Qβ
values are also plotted to illustrate the analogue tendency with the Pn values as dis-
cussed in Sec. 5.3. The vertical coordinate of Qβn/Qβ is drawn on the right side of
Fig. 5.6(b).
According to Fig. 5.6(a), half-lives given by the shell model show the best agree-
ments with the experimental data at N = 50, including the systematics above Z = 28
as well as the sudden reduction in 77Co relative to that in 78Ni, whereas predictions
from other models give slightly scattered but reasonably consistent results. It is not
surprising to see that the shell model is able to predict accurate half-lives for those
nuclides because of its microscopic basis and realistic neucleon-nucleon interactions.
However, comparison of the Pn values in Fig. 5.6(b) present a noticeable disprepancy
between the shell model prediction and experimental data. This discrepancy could be
originated from an unrealistic combination within the level scheme, Qβ value, and Sn
of 78Cu predicted by the shell model calculation. Detailed investigation inside the the-
oretical model is required to address the origin of the discrepency. Even though the
FRDM+QRPA model gives the best predicted Pn value for
78Ni, the even-odd stag-
gering as a function of proton number is not properly reproduced, being inconsistent
with all the other models and experimental data. Being contrary to the shell model,
the KTUY+GT2 model reproduces the even-odd staggering but underpredicts the Pn
values at N = 50. The DF+CQRPA model gives Pn values intermediately between
the shell model and KTUY+GT2, and best ﬁts with the experimental data within an
uncertainty ±2σ. Similar to the result shown in Sec. 5.3, the Qβn/Qβ values correctly
reproduces the even-odd staggering of the experimental Pn values, consisting with the
theoretical models referred in the discussion except for FRDM+QRPA.
From the discussion above, one can come to the conclusion that a β-decay half-
life is not always sensitive to reﬂect the validity of a theoretical work. In order to
evaluate the reliability and predictive power, the Pn values should also be accounted
since calculations predicting similar half-lives can give very much inconsistent Pn values
with each other. Studies based on the outputs of those theoretical models should be
in cautious since potentially bias results can be concluded. In addition, the variable
Qβn/Qβ is demonstrated to be an eﬃcient quantity to investigate the gross properties
of the Pn value, providing a simple picture to understand the statistical nature of Pn
values.
Chapter 6
Summary and perspective
In order to investigate the nuclear shell evolution in the vicinity of 78Ni, experimental
study was performed via decay spectroscopy to measure the β-decay half-lives and β-
delayed neutron emission probabilities around 78Ni.
Since one of the main goals of the experiment was to measure the β-decay half-
lives of very neutron-rich nuclei including 79Ni and 77Co, the experiment was performed
at RIBF RIKEN, exploiting the high-intensity 238U beam from which the neutron-rich
nuclei around 78Ni were produced by the in-ﬂight ﬁssion and separated by the BigRIPS
separator. To measure the β-decay half-lives and Pn values for exotic nuclei, an ion-β as-
sociation was carried out to reduce the accidental backgound in the decay spectroscopy.
The association was realized by measuring the positions of implanted ions and subse-
quent β decay individually with the highly segmented silicon stopper array, WAS3ABi,
placed after the exit of the ZeroDegree spectrometer. For the purpose of verifying
the validities and reliabilities of the half-life deduced from ion-β association, prompt γ
decays following a β decay were measured simultaneously with β decay by the cluster-
type EURICA detector array surrounding the WAS3ABi stopper. Exploiting the high
resolution and great signal-to-noise ratio of the Ge detector, background in the decay
spectroscopy were very much suppressed after applying the ion-β-γ coincidence, from
which the half-life were deduced and compared with the results from ion-β coincidence.
In addition, the γ-ray detector was involved in the Pn measurement which was based
on the intensity of β-delay γ ray observed in the experiment.
Half-lives of 38 neutron-rich nuclei in the vicinity of 78Ni were measured, including
13 new half-lives of the nuclei 73−74Fe, 76−77Co, 79−80Ni, 81−82Cu, 84Zn, 87Ga and 87−88Ge.
To ensure the validities and reliabilities of the newly measured half-lives, comparison
between the experimental results obtained with and without γ-ray coincidence were
carried out for less exotic nuclei, of which the results are exhibited in Tables 4.1−4.2.
According to the results, good agreements were achieved within ±1σ uncertainty. More-
over, half-lives deduced in this work well reproduced the data from literature with much
improved (typically a factor of 5 − 10) uncertainties. The consistency achieved by the
results indicates a reasonable half-life analysis performed in this work and the improve-
ments were beneﬁted from the strong primary beam at RIBF with high production yield
of exotic nuclei implanted in the stopper. Other than the β-decay half-lives, the Pn val-
ues of 74−75Co, 77−78Ni, 80−81Cu, 83−84Zn, and 85−86Ga were measured by investigating
the β-delayed γ-ray spectra of the implanted fragments populating the excited states in
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Fig. 6.1: Summary of the β-decay half-lives and Pn values obtained in this work.
Black dot indicates the newly measured half-life by this work.
the grand-daughter nuclei of the β- or βn-decay channel. In this measurements, new Pn
values of nuclei 78Ni, 80−81Cu, 83−84Zn, and 85Ga were deduced for the ﬁrst time. Even
though large uncertainties remain in some of the results, reasonable agreements with
limited literature available in this region were achieved by this experimental results.
Locations of those measurements including half-life and Pn value are summarized on
the nuclear chart drawn in Fig. 6.1.
Based on the experimental results and comparisons with various calculations, fol-
lowing conclusions were made.
• Systematics of the β-decay half-lives as a function of neutron number suggests
an enhancement of the magicity of the N = 50 shell at Z = 28 compared with
that at Z ≥ 30. In contrast, half-lives as a function of proton number implies the
presence of a sizable shell gap Z = 28 with N = 46− 50.
• Global calculation based on the FRDM+QRPA model including the ﬀ transition
well reproduces the general tendency of half-life as a function of neutron number
but overpredicts the even-odd staggering in the region because of the omission
of the pn interaction. Consequently, the predicted half-lives are longer than the
experimental data of the even-Z nuclei and shorter than that of the odd-Z nuclei.
• The KTUY/AME2012+GT2 models always predict a stronger reduction of the
half-lives at N = 51 than experimental data along the isotopic chains with Z ≥ 30.
The deviation shows a limited predictive power of the model beyond a shell closure,
where the shell structure eﬀect such as the selection rules on the spins and parities
have to be accounted in the statistical treatment of β decay in the GT2 theory.
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• The DF+CQRPA model on average predicts half-lives with the best agreements
to the experimental data in this region with only a few exceptions. Deviation
in the 31Ga isotope at N ≥ 53 shows the necessity to include the ground-state
deformation in the calculation.
• No model can predict the Pn values with universal consistency to the experimental
values in this region. Relatively speaking, the FRDM+QRPA provides reasonable
predictions in the isotopes with Z = 27, 28, 30 and 31 while the DF+CQRPA
gives experimental consistent results in Z = 28, 29 and 30. Especially in the
29Cu isotope, the experimental Pn values deduced in this work present a direct
evidence of the considerable contribution from high-energy ﬀ transition in total
decay strength function by comparing with the Pn values of the DF+CQRPA
model.
• The even-odd staggering emerging in both the calculated and experimental Pn
values can be simply understood by constructing the variable of Qβn/Qβ, which
is deﬁned as the relative ratio between the βn-decay energy window and the total
energy window of β decay.
• Accoring to the newly measured Pn value of
78Ni, the shell model well predicting
the experimental half-lives at N = 50 can give strongly deviated Pn values. Since
incorrect ingredients can by chance compensate with each other and give “correct”
ﬁnal result, one need to be more cautious when investigating the reliabilities and
validities of the theoretical models without comprehensive comparisons with both
the experimental half-lives and Pn values.
Beyond the new β-decay half-lives and Pn values and their implications to the
nuclear structure reported by this thesis, many more results will come out in near
future to complete the physics goals of the experiment.
• With the newly measured half-lives, the possible impact to the study of astro-
physics, especially the rapid neutron-capture process (r-process) which are re-
garded to pass through the region around 78Ni, will be discussed. The existence of
a sizable shell gap N = 50 make 78Ni a possible waiting point nucleus, of which the
half-life is an important input parameter to study the r-process related subjects
in astrophysics.
• Level schemes of the nuclei around 78Ni can be constructed via investigating the β-
delayed γ-ray spectrum measured during this experiment. Moreover, the ground-
state spins and parities of the β-decaying nuclei can be tentatively assigned based
on the comparative half-life log ft, which is of great signiﬁcance to investigate the
evolution of shell structure or the single-particle states towards 78Ni.
In order to gain a more comprehensive knowledge of the shell structure evolving
in the vicinity of 78Ni, many new experimental projects have been launched taking
advantage of diﬀerent techniques, which include:
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• Experimental measurement on the ﬁrst excited 2+ state in 78Ni give the direct
evidence to the magic character of 78Ni. In order to achieve the goal, a project
based on in-beam γ-ray spectroscopy utilizing the MINOS liquid hydrogen reaction
target [115] has been proposed at RIKEN RIBF to systematically address the
E(2+1 ) in neutron rich even-even nuclei from
52Ar to 110Zr, including 78Ni as one
of main goal of the project.
• Mass measurements with storage ring is scheduled at RIKEN in near future. By
exploiting the high beam intensity at RIBF, nuclear masses of 78Ni and its neigh-
boring nuclei can be obtained precisely to evaluate the magicity of the “doubly-
magic” nucleus 78Ni from a viewpoint other than γ-ray spectroscopy.
Appendix A
Detailed analysis for the β-decay
half-life
A.1 32Ge isotope
In this work, germanium (Z = 32) isotopes with mass number A = 85 − 88 were pop-
ulated and implanted into silicon detectors. The half-lives of 85−86Ge were remeasured
and compared to the literature in Refs. [64, 116] with fairly good agreements while the
half-lives of 87−88Ge were reported for the ﬁrst time by this work.
A.1.1 Half-life of
85
Ge
The condition constructing γ-ray coincident decay curves of 85Ge can be expressed in
Eq. (A.1), where PID represents the gate applied to the velocity between the F7 and
F11 focal planes of implanted 85Ge shown in Fig. A.1.
PID ∩ ∆z = 0 ∩ ∆xy ≤ 1.5. ∩ G(γ) (A.1)
The variables ∆z and ∆xy, as discussed in Sec. 3.4.2, are the distances bwtween an
implantation and a associated β decay in the z direction (parallel to the beam line) and
x-y plane (perpendicular to the beam line), respectively. The G(γ) is the background-
free coincident gate introduced by Eq. (4.21). Three relatively intense γ peaks at 101.5,
116.5, and 267.5 keV were selected as G(γ) to determine the β-decay half-life of 85Ge.
All the γ-ray transitions were assigned to the deexcitations of 85As populated in the
β-decay (relative to βn-decay) channel of 85Ge [64]. Portions of β-delayed γ-ray (β-γ)
spectra showing the γ peaks involved in the half-life determination are presented in
Fig. A.2 together with the corresponding decay curves, which were ﬁtted by a single
exponential decay function plus a constant background. Relevant results of the ﬁtting
analysis are presented in Table A.1. A half-life of T1/2 = 495.1 ± 5.8 ms was obtained
for 85Ge by averaging the half-lives of individual γ peaks, which is in a good agreement
with previous measurement reported in Ref. [64].
The half-life determination without γ-ray coincidence considered all the β-decay
events fulﬁlling the condition Eq. (A.2) within 10 seconds after implantations.
PID ∩ ∆z = 0 ∩ ∆xy ≤ 1. (A.2)
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Fig. A.1: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 85Ge implanted in each layer of silicon
detector. The gate is drawn in red line.
Table A.1: Half-life of 85Ge obtained by gating on γ ray, together with ahe γ-
peak energy and its decay branch. The final result is obtained from the weighted
average of the γ-ray coincident half-lives listed in this table. The value of literature
is taken from Ref. [64].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
101.5 β decay 497.9 ± 7.0
116.5 β decay 493.8 ± 15.7
267.5 β decay 485.1 ± 13.7
weighted avg: 495.1 ± 5.8 494. ± 8.
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Fig. A.2: Left: Portion of β-γ spectrum showing the γ peak to determine the
half-life of 85Ge. Right: β-decay curve of 85Ge built in coincidence with the γ ray
exhibited on the left.
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Fig. A.3: Fitted decay curve of 85Ge showing from 0 to 10000 milliseconds. A
half-life of T1/2 = 510.7
+27.3
−17.9 ms was obtained for
85Ge by fitting the decay curve.
Table A.2: Summary of fitting parameters for 85Ge, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
85Ge) 14% ± 20%∗ literature [68]
T1/2(
85As) 2.021 s ± 0.01 s literature [68]
Pn(
85As) 60% ± 20%∗ literature [68]
T1/2(
85Se) 32.9 s ± 0.3 s literature [68]
T1/2(
84As) 4.2 s ± 0.5 s literature [68]
T1/2(
84Se) 3.26 m ± 0.1 m literature [68]
T1/2(
85Ge) 510.3 ms −17.9 ∼ +27.3 ms χ2/NDF=1.065
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To ﬁt the resultant decay curve drawn in Fig. A.7, decay chains 85Ge→84−85Se including
βn- and β-decay channels of 85Ge were accounted by the ﬁtting analysis. The half-lives of
known nuclei as well as the corresponding uncertainties involved in the decay chains were
obtained from the literature in Ref. [68] except for 85Ge. From the same reference, the
β-delayed neutron emission probabilities (Pn) of
85Ge and 85As were adopted as 14% and
60%, respectively. Because of the diﬃculty for the neutron detection and inconsistencies
of Pn values between diﬀerent experimental results, a common uncertainty of ±20% for
Pn values was preferred over the uncertainty from literature for most of the analyses
in this thesis to avoid the underestimation of systematic errors in the obtained β-decay
half-lives. With the parameters such ﬁxed, a χ2 ﬁtting to the decay curve in Fig. A.3
gives T1/2 = 510.3
+27.3
−17.9 ms, which is in a reasonablly good agreement with the γ-ray
coincident half-life exhibited in Table A.1. The error bar is dominated by the uncertainty
of Pn value of
85Ge. The statistical error, on the contrary, is one order of magnitude
less than systematic error because of the great implantation rate of 85Ge. A Summary
of the ﬁtting parameters and the analysis result is presented in Table A.2.
A.1.2 Half-life of
86
Ge
The condition applied to determine the γ-ray coincident half-life for 86Ge is the same
as Eq. (A.1) with PID gating on the velocity between the F7 and F11 focal planes of
implanted 86Ge as shown in Fig. A.4. Totally ﬁve γ peaks at 101.5, 111.5, 178, 440.5,
and 1965.5 keV were selected to determine the half-life of 86Ge. The β decay followed by
γ-ray emissions at 101.5 and 111.5 keV have been previously assigned to the βn- and β-
decay channels of 86Ge, respectively [64]. The β-γ spectra within 200 milliseconds after
implantations are drawn in Figs. A.5(a)−A.6(a) with energy range focusing on each γ
peaks. Time distributions of respective γ rays are exhibited in Figs. A.5(b)−A.6(b),
which are ﬁtted by a single exponential function combined with a constant background.
The relevant results are listed in Table A.3 together with a weighted average value of
221.6 ± 1.1 ms obtained as β-decay half-life of 86Ge. This result is found to be well
consistent with the literature reported in Ref. [64].
The condition applied to determine the half-life of 86Ge without γ-ray coincidence
is the same as Eq. (A.2). Decay chains including 86Ge→85−86Se within ﬁve seconds after
implantations were considered by the ﬁtting analysis, in which the half-lives of known
nuclei as well as the Pn values of
85−86As were taken from the literature in Ref. [68]. The
Pn value of
86Ge was adopted from a global calculation [105], which predicted Pn = 24%,
due to the lack of experimental data. Including additional ±20% uncertainty for the Pn
values, the ﬁtting analysis to the decay curve shown in Fig. A.7 gives T1/2 = 225.4±13.4
ms. It is necessary to stress that I. N. Borzov predicted a Pn ∼ 70% for 86Ge [113] which
led to a much longer half-life than the present result. Since the half-lives from both γ-
ray coincident result of this work and literature are better consistent with the result
obtained with a smaller Pn value of
86Ge, the calculation from Ref. [105] was favored.
This preference is also supported by the fact that the calculated Pn value of
85Ge from
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Fig. A.4: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 86Ge implanted in each layer of silicon
detector. The gate is drawn in red line. in red line.
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Fig. A.5: Left: Portion of β-γ (within 200 milliseconds relative to the implanta-
tion) spectrum showing the γ ray to determine the half-life of 86Ge. Right: β-decay
curve of 86Ge built in coincidence with the γ peak exhibited on the left.
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Fig. A.6: The same to Fig. A.5.
Table A.3: Half-life of 86Ge obtained in coincidence with γ ray. The final result
is obtained from the weighted average of the γ-ray coincident half-lives listed in
this table. The literature is taken from Ref. [64].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
101.5 βn decay 229.9 ± 2.3
111.5 β decay 220.2 ± 1.9
178 212.1 ± 2.7
440.5 227.1 ± 4.0
1965.5 219.1 ± 3.2
weighted avg: 221.6 ± 1.1 226. ± 21.
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Fig. A.7: Fitted decay curve of 86Ge showing from 0 to 5000 milliseconds. A
half-life of T1/2 = 225.4±13.4 ms was obtained for 86Ge by fitting the decay curve.
Table A.4: Summary of fitting parameters for 86Ge, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
86Ge) 24% ± 20%∗ calculated [105]
T1/2(
86As) 945 ms ± 8 ms literature [68]
Pn(
86As) 26% ± 20%∗ literature [68]
T1/2(
86Se) 14.3 s ± 0.3 s literature [68]
T1/2(
85As) 2.021 s ± 0.01 s literature [68]
Pn(
85As) 60% ± 20%∗ literature [68]
T1/2(
85Se) 32.9 s ± 0.3 s literature [68]
T1/2(
86Ge) 225.4 ms ± 13.4 ms χ2/NDF=0.989
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Fig. A.8: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 87Ge implanted in each layer of silicon
detector. The gate is drawn in red line.
Ref. [105] better consists with the literature [68] than that predicted by Ref. [113]. A
summary of the ﬁtting parameters and analysis result is presented in Table A.4.
A.1.3 Half-life of
87
Ge
To determine the β-decay half-life of 87Ge, Fig. A.8 was presented to show the PID
gate imposed to the implanted 87Ge. The condition employed to build γ-ray coincident
decay curve are the same as Eq. (A.1), in which two γ peaks at 69 and 73.5 keV were
involved as G(γ). The β-γ spectra exhibiting the γ peaks involved in G(γ) are drawn
in Fig. A.9(a) while the corresponding decay curves are drawn in Fig. A.9(b). The
half-lives obtained from respective γ rays are presented in Table A.5. A ﬁnal result of
T1/2 = 103.2± 3.5 ms was deduced by averaging the γ-ray coincident half-lives listed in
Table A.5.
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Fig. A.9: Left: Portion of β-γ spectrum within 100 milliseconds after implantation
of 87Ge showing the γ ray to determine the half-life of 87Ge. Right: β-decay curve
of 87Ge built in coincidence with the the corresponding γ ray exhibited on the left.
Table A.5: Half-life of 87Ge obtained in coincidence with the γ rays drawn in
Fig. A.9. The final result is obtained from the weighted average of the γ-ray
coincident half-lives listed in this table.
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
69.0 98.8 ± 4.3
73.5 111.3 ± 5.8
weighted avg: 103.2 ± 3.5
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Fig. A.10: Fitted decay curve of 87Ge showing from 0 to 4000 milliseconds. A
half-life of T1/2 = 104.1± 5.7 ms was obtained for 87Ge by fitting the decay curve.
Table A.6: Summary of fitting parameters for 87Ge, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
87Ge) 30% ± 20%∗ calculated [105]
T1/2(
87As) 560 ms ± 80 ms literature [68]
Pn(
87As) 15% ± 20%∗ literature [68]
T1/2(
87Se) 5.50 s ± 0.12 s literature [68]
T1/2(
86As) 945 ms ± 8 ms literature [68]
Pn(
86As) 26% ± 20%∗ literature [68]
T1/2(
86Se) 14.3 s ± 0.3 s literature [68]
T1/2(
87Ge) 104.1 ms ± 5.7 ms χ2/NDF=1.097
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Table A.7: Summary of fitting parameters for 88Ge, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
88Ge) 50% ± 20%∗ calculated [105]
Pn(
88As) 30% ± 20%∗ calculated [105]
T1/2(
88Se) 1.53 s ± 0.06 s literature [68]
T1/2(
87As) 560 ms ± 80 ms literature [68]
Pn(
87As) 15% ± 20%∗ literature [68]
T1/2(
87Se) 5.50 s ± 0.12 s literature [68]
T1/2(
87Ge) 60.8 ms ± 6.1 ms MLH ratio = 1.02
The decay curve built by Eq. (A.2) without gating on any γ ray of 87Ge is drawn
in Fig. A.10 with a range of 0 − 4000 ms after implantations. To deduce the half-life
by ﬁtting analysis, decay chains 87Ge→86−87Se were included as the βn- and β-decay
channels, respectively, to construct the ﬁtting function for 87Ge. All the known half-lives
were taken from the literature available in Ref. [68]. Experimentally unknown Pn value
of 87Ge was assumed based on the calculation in Ref. [105], from which a Pn = 30%
was predicted. The Pn values of
86−87As were taken from experimental data in Ref. [68]
with an additional 20% uncertainty. The half-life was determined by the χ2 ﬁtting to
the decay curve drawn in Fig. A.10 from which a T1/2 = 104.1 ± 5.7 ms was obtained.
For the case of 87Ge, the uncertainty of the half-life such deduced is dominated by the
uncertainties of Pn value of
87Ge and the half-life of 87As. Nevertheless, the obtained
half-life is well consistent with the γ-ray coincident result presented in Table A.5. A
summary of the ﬁtting parameters and analysis result presented in Table A.6.
A.1.4 Half-life of
88
Ge
The β-decay half-life of 88Ge was obtained by applying the condition Eq. (A.3) to
identify the β particles emitted following the implantations of 88Ge.
PID ∩ ∆z = 0 ∩ ∆xy ≤ 1.5. (A.3)
In the condition, the PID gate was given by the red lines drawn in Fig. A.11. No β-γ
peak was suitable for the half-life determination of 88Ge because of the low statistics
of implanted 88Ge inside DSSSDs. Decay chains from 88Ge to 87−88Se within 2000
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Fig. A.11: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 88Ge implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.12: Fitted decay curve of 88Ge showing from 0 to 2000 milliseconds. A
half-life of T1/2 = 60.8 ± 6.1 ms was obtained for 88Ge by fitting the decay curve.
milliseconds after implantations were included in the ﬁtting function employed for the
half-life determination of 88Ge. The half-lives of 87−88Se and 87As were adopted from
Ref. [68] and ﬁxed as input parameters in the ﬁtting function whereas the half-life of
88As was dealt as a free parameter in the ﬁtting analysis due to the lack of experimental
data. Since the Pn values of both
88Ge and 88As are experimentally unknown, a Pn =
50(20)% and a Pn = 30(20)% were assumed for
88Ge and 88As, respectively, based on
the prediction given by Ref. [105]. In order to avoid binning eﬀect caused by the low
statistics in χ2 ﬁtting, an unbinned maximum likelihood method (MLH) was introduced
to ﬁt the decay curve shown in Fig. A.12, from which a T1/2 = 60.8±6.1ms was obtained
for 88Ge. A summary of the ﬁtting parameters as well as the analysis result is presented
in Table A.7.
A.2 31Ga isotope
In this experiment, half-life measurements for the gallium isotopes (Z = 31) with
A = 83−87 were performed. The half-lives of 83−86Ga were deduced and compared with
previous measurement, between which reasonable agreements were achieved. Same pro-
cedure was extended and applied to the analysis of 87Ga, from which the new β-decay
half-life was measured for the ﬁrst time.
A.2.1 Half-life of
83
Ga
For the case of 83Ga, the PID gate applied to the implanted nuclei is deﬁned in Fig. A.13.
The γ peaks with transition energies at 938.5 and 1348 keV were involved as the γ gate
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Fig. A.13: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 83Ga implanted in each layer of silicon
detector. The gate is drawn in red line.
A.2. 31GA ISOTOPE 129
E (keV)
920 940 960 980
Co
un
ts 
/ k
eV
500
1000
1500 938.5
E (keV)
1320 1340 1360 1380
Co
un
ts 
/ k
eV
0
2000
4000
6000
8000
1348
(a)
0 1000 2000 3000 4000
Co
un
ts 
/ 5
0 
m
s
10
210
310
Ga - 938.5 keV83
Time (ms)
0 1000 2000 3000 4000
Co
un
ts 
/ 5
0 
m
s
10
210
310
410
Ga - 1348 keV83
(b)
Fig. A.14: Left: Portion of β-γ spectra of 83Ga showing the γ peaks for the
half-life determination. Right: β-decay curve of 83Ga built in coincidence with the
corresponding γ-ray exhibited on the left.
G(γ) in the condition Eq. (A.1) for the half-life determination of 83Ga. Portions of β-γ
spectra focusing on each γ peak are exhibited in Fig. A.14(a) while the time distributions
of corresponding γ peaks are drawn in Fig. A.14(b). The strongest γ peak at 1348 keV
in the β-γ spectrum was interpreted as the 2+ → 0+ transition in 82Ge while the other
one was assigned to the 4+ → 2+ transition [68]. As summarized in Table A.8, the
half-life of 83Ga is obtained as 310.1 ± 1.4 milliseconds in this work, which is in a good
agreement with the literature of 308.1 ± 1.0 milliseconds [68].
The decay curve of 83Ga without gating on γ ray is drawn in Fig. A.15 following
the condition Eq. (A.2). The decay chains 83Ga→82−83As were included in the ﬁtting
analysis as the βn- and β-decay channels respectively to deduce the half-life of 83Ga.
Known half-lives involved in the ﬁtting function were taken from literature except for
83Ga. One thing noteworthy is the β-decaying isomer in 82As, which has a diﬀerent
half-life than that of the ground state. Since the feeding probability to the isomer from
a β decay of 82Ge is unknown, a Pisomer = 50 ± 50% was assumed in the analysis. The
correpsonding uncertainty in the obtained half-life was found to be less than ±1 ms. A
Pn value of 65% was adopted for
83Ga from Ref. [61] with addtional ±20% uncertainty.
The resultant half-life of 83Ga is T1/2 = 298.5 ± 14.7 ms. Compared with the result
listed in Table A.8, there is a slight diﬀerence within error bar between the half-lives
obtained with and without γ-ray coincidence. Since the uncertainty of such obtained
half-life is dominated by the variation of Pn value of
83Ga, this discrepancy might be
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Table A.8: Half-life of 83Ga obtained in coincidence with γ rays drawn in
Fig. A.14. The final result is obtained from the weighted average of the γ-ray
coincident half-lives listed in this table. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
938.5 βn decay 316.1 ± 4.5
1348 βn decay 309.4 ± 1.5
weighted avg: 310.1 ± 1.4 308.1 ± 1.0
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Fig. A.15: Fitted decay curve of 83Ga showing from 0 to 5000 milliseconds. A
half-life of T1/2 = 298.5±14.7 ms was obtained for 83Ga by fitting the decay curve.
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Table A.9: Summary of fitting parameters for 83Ga, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
83Ga) 65% ± 20%∗ literature [61]
T1/2(
83Ge) 1.85 s ± 0.06 s literature [68]
T1/2(
83As) 13.4 s ± 0.3 s literature [68]
T1/2(
82Ge) 4.56 s ± 0.26 s literature [68]
T1/2(
82As)(ground) 19.1 s ± 0.5 s literature [68]
T1/2(
82As)(isomer) 13.6 s ± 0.4 s literature [68]
Pisomer(
82As) 50% ± 50% assumption
T1/2(
83Ga) 298.5 ms ± 14.7 ms χ2/NDF=1.226
arisen from a smaller Pn value reported by Ref. [61] than the real value. A summary of
the ﬁtting parameters and analysis result is presented in Table A.9. An underestimated
Pn value of
83Ga from Ref. [61] is also suggested by the fact that a Pn value around
75% will result in a χ2/NDF=1.045, which is much closer to unity compared with the
present result.
A.2.2 Half-life of
84
Ga
The γ-ray coincident β-decay half-life of 84Ga was deduced via ﬁtting the decay curve
built from the condition Eq. (A.1). The PID gate applied to the velocity between the
F7 and F11 focal planes of implanted 84Ga is drawn in Fig. A.16. Three γ rays were
employed as G(γ) in Eq. (A.1) to build the decay curves of 84Ga. Portions of β-γ spectra
centering at each γ peak are presented in Fig. A.17 together with the time distributions
of γ peaks relative to the implantations of 84Ga. The γ peaks at 247.5 and 1045.5 keV
were identiﬁed as the transitions 1/2+ → 5/2+ and 3/2+ → 5/2+ in 83Ge whereas the
624-keV γ ray is emitted from the 2+ → 0+ transition in 84Ge populated by a β decay of
84Ga [117]. As summarized in Table A.10, the half-lives obtained from respective decay
curves in Fig. A.17 lead to a weighted mean value of T1/2 = 92.7 ± 0.7 ms for 84Ga,
which is well consistent with the literature taken from Ref. [68].
The decay curve of 84Ga without γ-ray coincidence was built by Eq. (A.2) and
drawn in Fig. A.18. Decay chains 84Ga→83−84As were considered by the ﬁtting analysis
for 84Ga, in which the half-lives of 83−84Ge and 83−84As were adopted from the literature
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Fig. A.16: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 84Ga implanted in each layer of silicon
detector. The gate is drawn in red line.
Table A.10: Half-life of 84Ga obtained in coincidence with the γ rays drawn in
Fig. A.17. The final result is obtained from the weighted average of the γ-ray
coincident half-lives listed in this table. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
247.5 βn decay 94.8 ± 1.0
624 β decay 90.1 ± 1.2
1045.5 βn decay 91.9 ± 1.7
weighted avg: 92.7 ± 0.7 85 ± 10
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Fig. A.17: Left: Portion of β-γ spectra showing the γ peaks for the half-life
determination of 84Ga. Right: β-decay curve of 84Ga build in coincidence with the
γ ray exhibited on the left.
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(a) Fitted decay curve of 84Ga showing from 0 to 4000 milliseconds with two β-decaying states
but strong Pn value (74(20)%) in
84Ga. A half-life of T1/2 = 91.2±8.3ms was obtained for the
state with shorter half-life in 84Ga, which was also measured in the γ-ray coincident half-life.
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(b) Fitted decay curve of 84Ga showing from 0 to 4000 milliseconds with one β-decaying state
but weak Pn value (20(20)%) in
84Ga. A half-life of T1/2 = 93.1± 3 ms was obtained for 84Ga,
which well consisted with the γ-ray coincident half-life obtained by this work.
Fig. A.18: Fitted decay curve of 84Ga showing from 0 to 4000 after the implan-
tations of 84Ga with two different fitting conditions. The details are explained in
the main text.
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Table A.11: Summary of fitting parameters for 84Ga, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result. Case(a) and (b) refer to
two different possible conditions to fit the decay curve of 84Ga. Detailed explana-
tion can be found in the main text.
Case(a)
parameter Central value Uncertainty Comment
Pn(
84Ga) 74% ± 20%∗ literature [61]
T1/2(
84Ge) 954 ms ± 14 ms literature [68]
Pn(
84Ge) 10.2% ± 20%∗ literature [68]
T1/2(
84As) 4.2 s ± 0.5 s literature [68]
T1/2(
83Ge) 1.85 s ± 0.06 s literature [68]
T1/2(
83As) 13.4 s ± 0.3 s literature [68]
T1/2(
83Ga)(short) 91.2 ms ± 8.3 ms χ2/NDF=0.947
T1/2(
83Ga)(long) 450 ms ± 250 ms χ2/NDF=0.947
Case(b)
parameter Central value Uncertainty Comment
Pn(
84Ga) 20% ± 20%∗ assumption
T1/2(
84Ge) 954 ms ± 14 ms literature [68]
Pn(
84Ge) 10.2% ± 20%∗ literature [68]
T1/2(
84As) 4.2 s ± 0.5 s literature [68]
T1/2(
83Ge) 1.85 s ± 0.06 s literature [68]
T1/2(
83As) 13.4 s ± 0.3 s literature [68]
T1/2(
83Ga) 93.1 ms ± 3.0 ms χ2/NDF=0.977
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in Ref. [68]. The experimental Pn value of
84Ga were taken from Ref. [116], in which
a Pn = 74% was reported. With parameters such determined in the ﬁtting function,
however, no χ2/DNF less than ﬁve was able to be obtained, indicating that one or more
unsuitable condtions were involved in the ﬁtting function. In this work, two possibilities
are proposed to solve the unreasonably large χ2/DNF value. First, because of the
relatively high possibility having an isomer in odd-odd nuclide, a second β-decaying
state with a half-life diﬀering from the ground state was assumed for 84Ga. For the sake
of convenience, the shorter half-life was denoted as T1/2s while the longer one was T1/2l.
Keeping those two half-lifes as well as the relative intensity between those two states in
implantations as free parameters, a ﬁt was performed for the decay curve in Fig. A.18(a),
from which the results were obtained as T1/2s = 91.2 ± 8.3 ms and T1/2l = 450 ± 250
ms. It is clear to see that T1/2s well consists with the γ-ray coincident half-life listed
in Table A.10 while T1/2l is not observable in the γ-ray coincident decay curves of
84Ga
drawn in Fig. A.17(b). The second possibility assumed that the Pn value of
84Ga was
overestimated in the previous experiments [116, 117]. Under such a condition, a single
β-decaying state in 84Ga in the ﬁtting analysis can well reproduce the experimental
decay curve drawn in Fig. A.18(b). The Pn value of
84Ga was assumed as 20(20)%,
which resulted in a half-life of 93.1± 3.0 ms for 84Ga. Considering the great diﬀerence
between the Pn values in the assumption and that reported in literature, the probability
of more than one experiment overestimated the same value independently is fairly small.
Therefore, the ﬁrst case assuming a second β-decaying state in 84Ga is more favored in
this work. Nevertheless, both assumptions obtained consistent β-decay half-lives around
92 milliseconds for 84Ga, which were also agreed with the γ-ray coincident half-life listed
in Table A.10. Fitting parameters and analysis results are summarized for both cases
in Table A.11, referred as case (a) and case (b), respectively.
A.2.3 Half-life of
85
Ga
To determine the half-life of 85Ga in coincidence with γ rays, the condition Eq. (A.1)
was applied with the PID gate deﬁned in Fig. A.19. Totally ﬁve β-γ peaks at 107.5, 624,
805.5, 1224.5 and 1388.5 keV were employed as G(γ) to build γ-ray coincident decay
curves of 85Ga. The β-γ spectra as well as the respective decay curves are plotted in the
left and right column of Figs. A.20−A.21, respectively. According to Refs. [65,117], the
β decays followed by the γ-ray emissions at 107.5 and 624 keV can be assigned to the β-
and βn-decay channel of 85Ga, respectively. Origins of other γ peaks required further
analysis beyond this thesis. Table A.12 summarizes the results of half-lives obtained in
coincidence with those γ rays. The weighted average half-life gives T1/2 = 91.9± 1.2 ms
for 85Ga, which well consisted with the literature from Ref. [63] with a much smaller
uncertainty.
The half-life determination without gating on γ-ray was performed with the con-
dition Eq. (A.2). Decay chains including 85Ga→84−85As within 4000 milliseconds after
implantations were employed in the ﬁtting analysis to deduce the half-life of 85Ga. Due
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Fig. A.19: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 85Ga implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.20: Left: Portion of β-γ spectra showing the γ peaks for the half-life
determination of 85Ga. Right: β-decay curve of 85Ga built in coincidence with the
γ ray exhibited on the left.
Table A.12: Half-life of 85Ga obtained in coincidence with the γ rays drawn in
Fig. A.20−A.21. The final result is obtained from the weighted average of the γ-ray
coincident half-lives listed in this table. The literature is taken from Ref. [63].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
107.5 β decay 85.5 ± 2.6
624 βn decay 94.1 ± 1.5
805.5 98.3 ± 4.4
1224.5 80.7 ± 5.8
1388.5 90.0 ± 8.5
weighted avg: 91.9 ± 1.2 93 ± 7
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Fig. A.21: The same as Fig. A.20.
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Fig. A.22: Fitted decay curve of 85Ga showing from 0 to 4000 milliseconds. A
half-life of T1/2 = 93.5 ± 4.3 ms was obtained for 85Ga by fitting the decay curve.
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Table A.13: Summary of fitting parameters for 85Ga, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
85Ga) 60% ± 20%∗ calculated [105]
T1/2(
85Ge) 495.1 ms ± 5.8 ms measured
Pn(
85Ge) 14% ± 20%∗ literature [68]
T1/2(
85As) 2.021 s ± 0.01 s literature [68]
T1/2(
84Ge) 954 ms ± 14 ms literature [68]
Pn(
84Ge) 10.2% ± 20%∗ literature [68]
T1/2(
84As) 4.2 s ± 0.5 s literature [68]
T1/2(
85Ga) 93.5 ms ± 4.3 ms χ2/NDF=0.990
to the lack of experimental data, the Pn value of
85Ga was taken from the calculation re-
ported in Ref. [105], which predicted a Pn = 60%. Calculated Pn values from Ref. [113],
on the other hand, give Pn ∼ 20% for the nuclides 82−87Ga, which can not properly re-
produce the experimental Pn values of
83−84Ga. Therefore, a larger Pn value calculated
by Ref. [105] was favored by this work. The half-life of 85Ge was taken from the γ-ray
coincident half-life of T1/2 = 495.1± 5.8 ms from this work while other known half-lives
were taken from Ref. [68]. The χ2-ﬁtting analysis to the decay curve in Fig. A.22 gives
T1/2 = 93.5± 4.3 ms, which is in good agreements with both the half-lives obtained in
coincidence with γ rays in this work and that from literature. A summary of the ﬁtting
parameters and analysis result is presented in Table A.13.
A.2.4 Half-life of
86
Ga
For the case of 86Ga, the PID gate is deﬁned by the red lines drawn in Fig. A.23 to
include ﬁssion fragments stopped in DSSSDs #1− 4. In order to preserve the statistics
of γ rays involved in the half-life determination, decay curve of 86Ga was built against
the condition
PID ∩ ∆z ≤ 1 ∩ ∆xy < 2.5 ∩ G(γ), (A.4)
in which the G(γ) gate employed three β-γ peaks at transition energies of 107.5, 250.5
and 526.5 keV. The β-γ spectra and the corresponding time distributions of the γ peaks
are presented in the left and right column of Fig. A.24, respectively. The β decays
followed by the γ-ray emission at 107.5 and 250.5 keV had been previously assigned to
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Fig. A.23: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 86Ga implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.24: Left: Portion of β-γ spectra showing the γ peaks for the half-life
determination of 86Ga. Right: β-decay curve of 86Ga built coincidence with the γ
ray exhibited on the left.
the βn-decay channel of 86Ga while the 526.5-keV γ ray was tentatively interpreted as
the 2+ → 0+ transition in 86Ge [65]. Results of γ-ray coincident half-lives are listed in
Table A.14 from which a weighted mean value of T1/2 = 51.2 ± 7.2 ms was deduced as
the ﬁnal result for 86Ga.
The decay curve without gating on γ rays of 86Ga is drawn in Fig. A.25, which
was built by the condition Eq. (A.5). The decay channels including 86Ga→84Ge and
86Ga→85−86As were taken into account as β2n-, βn- and β-decay modes, respectively,
in the half-life determination of 86Ga.
PID ∩ ∆z = 0 ∩ ∆xy ≤ 1.5 (A.5)
In the ﬁtting analysis, the half-lives of 85−86Ge were adopted as T1/2 = 495.1 ± 5.8 ms
and T1/2 = 221.6 ± 1.1 ms, respectively, from the γ-ray coincident half-lives obtained
in this work. All the other known half-lives were taken from the literature in Ref. [68].
The Pn and P2n values of
86Ga were adopted from Ref. [65], in which a Pn = 60%
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Table A.14: Half-life of 86Ga obtained by gating on γ rays, together with the
γ-ray energy and its decay branch. The final result is obtained from the weighted
average of the γ-ray coincident half-lives listed in this table. The literature is taken
from Ref. [65].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
107.5 βn decay 55.7 ± 12.9
250.5 βn decay 54.3 ± 12.6
526.5 β decay 44.6 ± 11.8
weighted avg: 51.2 ± 7.2 43 +21−15
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Fig. A.25: Fitted decay curve of 86Ga showing from 0 to 2000 milliseconds. A
half-life of T1/2 = 51.4
+10.2
−8.5 ms was obtained for
86Ga by fitting the decay curve.
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Table A.15: Summary of fitting parameters for 86Ga, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
86Ga) 60% ± 20%∗ literature [65]
P2n(
86Ga) 20% ± 20%∗ literature [65]
T1/2(
86Ge) 221.6 ms ± 1.1 ms measured
Pn(
86Ge) 24% ± 20%∗ calculated [105]
T1/2(
86As) 945 ms ± 8 ms literature [68]
T1/2(
85Ge) 495.1 ms ± 5.8 ms measured
Pn(
85Ge) 14% ± 20%∗ literature [68]
T1/2(
85As) 2.021 s ± 0.01 s literature [68]
T1/2(
84Ge) 954 ms ± 14 ms literature [68]
T1/2(
86Ga) 51.4 ms −8.5 ∼ +10.2 ms χ2/NDF=1.006
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Fig. A.26: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 87Ga implanted in each layer of silicon
detector. The gate is drawn in red line.
and a P2n = 20% were reported. The Pn value of
86Ge is the same as that listed
in Table A.4. Including additional ±20% uncertainties to the Pn values involved in
the ﬁtting analysis, the half-life of 86Ga was derived as T1/2 = 51.4
+10.2
−8.5 ms, which
reasonably consisted with both the γ-ray coincident result presented in Table A.14 and
the previous measurement reported in Ref. [65]. A summary of the ﬁtting parameters
and analysis result is presented in Table A.15.
Half-life of 87Ga
Due to the relatively low statistics of implanted 87Ga, the acceptance of PID gate was
maximized to include all the fragments implanted in silicon detectors (as drawn in
Fig. A.27) into the half-life determination. Thus, the condition Eq. (A.6) was applied
to build the decay curve of 87Ga within 1000 milliseconds after implantations.
PID ∩ ∆z = 0 ∩ ∆xy ≤ 2 (A.6)
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Fig. A.27: Fitted decay curve of 87Ga showing from 0 to 1000 milliseconds. A
half-life of T1/2 = 26.4
+16.9
−11.0 ms was obtained for
87Ge by fitting the decay curve.
Table A.16: Summary of fitting parameters for 87Ga, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
87Ga) 69% ± 20%∗ calculated [105]
P2n(
87Ga) 13% ± 20%∗ calculated [105]
T1/2(
87Ge) 103.2 ms ± 3.5 ms measured
Pn(
87Ge) 14% ± 20%∗ literature [68]
T1/2(
87As) 2.021 s ± 0.01 s literature [68]
T1/2(
86Ge) 221.6 ms ± 1.1 ms measured
Pn(
86Ge) 24% ± 20%∗ calculated [105]
T1/2(
86As) 945 ms ± 8 ms literature [68]
T1/2(
85Ge) 495.1 ms ± 5.8 ms measured
T1/2(
87Ga) 26.4 ms −11.0 ∼ +16.9 ms MLH ratio = 0.95
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Since no prominent γ peak was observed in the β-γ spectra of 87Ga, only decay curve
built independently to the γ-ray information was obtained. The analysis considered the
decay chains 87Ga→85Ge and 87Ga→86−87As as the β2n-, βn-, and β-decay channels,
respectively, in the decay curve of 87Ga. The Pn values of
87Ga was assumed based
on theoretical calculation of Ref. [105], in which a Pn = 69% and a P2n = 13% were
predicted. The Pn values of
86−87Ge were the same as the ones involved in the half-life
determinations of 86−87Ge, respectively. The half-lives of 85−87Ge were obtained from
the γ-ray coincident half-lives deduced by this work while the half-lives of 86−87As, on
the contrary, were adopted from the literature in Ref. [68]. An unbinned MLH method
was applied to ﬁt the decay curve shown in Fig. A.6, giving a T1/2 = 26.4
+16.9
−11.0 ms for
87Ga. A summary of the ﬁtting parameters and analysis result is presented in Table
A.16.
A.3 30Zn isotope
The zinc isotopes (Z = 30) with mass number A = 80−84 were produced and implanted
into WAS3ABi during the experiment. The half-lives of 80−83Zn were remeasured and
compared with literature, from which certain amount of discrepancies were manifested.
Therefore, the reliability of the present work was veriﬁed by the consistency between
half-lives obtained with and without γ-ray coincidence in this work. With the same
procedure of analysis, the half-life of 84Zn was measured and reported for the ﬁrst time
by this work.
A.3.1 Half-life of
80
Zn
The velocity distributions between the F7 and F11 focal planes for 80Zn implanted in
each layer of silicon detector are presented in Fig. A.28. According to the PID gate
deﬁned in Fig. A.28, only fragments implanted in DSSD #4 − 5 were involved in the
half-life analysis. To build the decay curve in coincidence with speciﬁc γ rays, the
condition Eq. (A.1) was introduced for the half-life determination of 80Zn. Totally Four
γ rays were employed as G(γ) in the condition with energies at 641.5, 685.5, 964.5 and
1150.5 keV, which were all emitted from the excited states in 80Ga. Both the 685.5-
and 964.5-keV γ rays were assigned to the transitions from the excited (1+) states to
the ground state while the other two corresponded to the transitions between diﬀerent
excited 1+ states [68]. The β-γ spectra and time distributions of respective γ peaks are
presented in Figs. A.29−A.30. Results of half-life determination coincident with γ rays
are summarized in Table A.17. The weighted average value over all the γ-ray coincident
half-lives gives T1/2 = 562.2± 3.0 ms for 80Zn, which slightly longer than the literature
in Ref. [68].
For the half-life determination without γ-ray coincidence, the decay curve including
80Zn→79−80Ge is constructed and presented in Fig. A.31. The experimental Pn value of
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Fig. A.28: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 80Zn implanted in each layer of silicon
detector. The gate is drawn in red line.
Table A.17: Half-life of 80Zn obtained in coincidence with γ rays drawn in
Figs. A.29−A.30. The final result is obtained from the weighted average of the γ-
ray conincident half-lives listed in this table. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
641.5 β decay 565.1 ± 5.9
685.5 β decay 564.4 ± 5.2
964.5 β decay 562.8 ± 6.1
1150.5 β decay 553.4 ± 6.9
weighted avg: 562.2 ± 3.0 540 ± 20
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Fig. A.29: Left: Portion of β-γ spectra showing the γ peaks for the half-life
determination of 80Zn. Right: β-decay curve of 80Zn built in coincidence with the
γ ray exhibited on the left.
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Fig. A.30: The same as Fig. A.29.
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Fig. A.31: Fitted decay curve of 80Zn showing from 0 to 10 seconds. A half-life
of T1/2 = 564.5
+21.4
−2.5 ms was obtained for
80Zn by fitting the decay curve.
Table A.18: Summary of fitting parameters for 80Zn, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
80Zn) 1% ± 20%∗ literature [68]
T1/2(
80Ga) 1.676 s ± 0.014 s literature [68]
T1/2(
80Ge) 29.5 s ± 0.4 s literature [68]
T1/2(
79Ga) 2.847 s ± 0.003 s literature [68]
T1/2(
79Ge)(ground) 18.98 s ± 0.03 s literature [68]
T1/2(
79Ge)(isomer) 39.0 s ± 1.0 s literature [68]
Pisomer(
79Ge) 50% ± 50% assumption
T1/2(
80Zn) 564.5 ms −2.5 ∼ +21.4 ms χ2/NDF=0.979
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1% was taken from Ref. [116] for 80Zn with an additional−1% ∼ +20% uncertainty. The
half-lives of known nuclei involved in the ﬁtting analysis were taken from Ref. [68] except
for 80Zn. It is worthwhile to discuss how the β-decaying isomer 7/2+ in 79Ge [118] aﬀect
the half-life determination of 80Zn. From Ref. [118], a β-decay half-life of 39 seconds
and a probability of 5% feeding to the isomer from a β decay of 79Ga was reported.
To quantitate the systematic error in T1/2(
80Zn) attributed to the isomeric ratio, a
feeding probability (Pisomer) ranging from 0% to 100% was assumed to investigate how
T1/2(
80Zn) evolved as a function of isomeric ratio in 79Ga. The result suggested a weak
dependence between T1/2(
80Zn) and the feeding probability to the isomer in 79Ge. This
can be understood from the low Pn value (1%) of
80Zn which reduced the impacts from
the βn-decay channel in the half-life determination of 80Zn. The half-life such obtained
for 80Zn is T1/2 = 564.5
+21.4
−2.5 ms. The large positive error bar was originated from
the +20% uncertainty in the Pn value by the assumption. Even though being slightly
longer than the literature, the half-lives obtained with and without γ-ray coincidence
are well consistent with other, from which a good validity of the present data analysis
is suggested. A summary of ﬁtting parameters and analysis result is presented in Table
A.18.
Half-life of 81Zn
Figure A.32 shows the velocity distributions between the F7 and F11 focal planes of
implanted 81Zn, based on which the PID gate was deﬁned. Equation (A.1) was employed
to build the γ-ray coincident decay curve of 81Zn with two γ peaks at 350.5 and 451.5
keV, which respectively corresponded to the transitions 3/2− → 5/2− and 3/2− → 3/2−
in 81Ga. The β-γ spectra showing the γ peaks involved in Eq. (A.1) and the resultant
time distributions of γ peaks are exhibited in Fig. A.33. A ﬁtting function consisting
of single-exponential function and constant background was employed to ﬁt the decay
curves in Fig. A.33(b), of which the results are summarized in Table A.19. A half-life
of T1/2 = 303.2± 1.6 ms was obtained in coincidence with γ rays from this work which
well agreed with the literature of T1/2 = 304 ± 13 ms with a much improved accuracy
than that of literature.
The full decay curve of 81Zn without γ-ray coincidence is drawn in Fig. A.34 by the
condition Eq. (A.2). The decay chains 81Zn→80−81Ge were taken into account within
5000 milliseconds after the implantations of 81Zn. Known half-lives involved in the de-
cay chain except for 81Zn were taken from the literature [68] as input parameters in the
ﬁtting analysis. In this work, a Pn value of 20% ± 20% was assumed for 81Zn based
on three experimental results of 7.5(30)% [116], 12(4)% [119] and 30(13)% [60]. Due to
the diﬃculty of better deducing the Pn value for
81Zn from this work, an intermediate
Pn value of three references was assumed with uncertainty covering the variation of
diﬀerent measurements. Besides, a Pn = 12% for
81Ga was adopted from the literature
in Ref. [68]. The result gives T1/2 = 306.2± 6.4 ms for 81Zn which is very close to both
the literature and γ-ray coincident half-life deduced from this work. The consistency
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Fig. A.32: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 81Zn implanted in each layer of silicon
detector. The gate is drawn in red line.
Table A.19: Half-life of 81Zn obtained in coincidence with the γ rays exhibited
in Fig. A.33. The final result is obtained from the weighted average of γ-ray
coincident half-lives listed in this table. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
350.5 β decay 305.4 ± 1.7
451.5 β decay 290.6 ± 4.1
weighted avg: 303.2 ± 1.6 304 ± 13
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Fig. A.33: Left: Portion of β-γ spectra showing the γ peaks of 81Zn for the half-
life determination. Right: β-decay curve of 81Zn built in coincidence with the γ
ray on the left.
Time (ms)
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Co
un
ts 
/ 1
0 
m
s
210
310
410
Zn81-decay of β
Fig. A.34: Fitted decay curve of 81Zn showing from 0 to 5 seconds. A half-life of
T1/2 = 306.2 ± 6.4 ms was obtained for 81Zn by fitting the decay curve.
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Table A.20: Summary of fitting parameters for 81Zn, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
81Zn) 20% ± 20%∗ literature [60, 116, 119]
T1/2(
81Ga) 1.217 s ± 0.005 s literature [68]
Pn(
81Ga) 12% ± 20%∗ literature [68]
T1/2(
81Ge) 7.6 s ± 0.6 s literature [68]
T1/2(
80Ga) 1.676 s ± 0.014 s literature [68]
T1/2(
80Ge) 29.5 s ± 0.4 s literature [68]
T1/2(
81Zn) 306.2 ms ± 6.4 ms χ2/NDF=1.077
between the half-lives obtained with and without γ-ray coincidence indicates a reason-
able Pn value of
81Zn employed in this work. The summary of ﬁtting parameters and
analysis result is presented in Table A.20.
A.3.2 Half-life of
82
Zn
In order to determine the β-decay half-life of 82Zn in coincidence with γ-ray, Eq. (A.1)
was applied to build the decay curve of 82Zn fulﬁlling the PID gate in Fig. A.35. The
γ-ray transitions at 350.5, 366.5 and 451.5 keV were employed as the G(γ) in Eq. (A.1),
resulting in the decay spectra shown in Fig. A.36(b). The half-lives obtained by ﬁtting
the corresponding decay curves are listed in Table A.21. The β decay followed by
the γ-ray transitions at 350.5 and 451.5 keV were assigned to the βn-decay channel
because those γ rays were also observed in the β-γ spectra of 81Zn, being identiﬁed as
the transitions (3/2−) → 5/2− and (3/2−) → (3/2−) in 81Ga, respectively [68]. The
366.5-keV γ ray, on the other hand, was not observed in the β-γ spectrum of 81Zn,
implying a possibility to be the transition in 82Ga. Furthur analysis beyond this thesis
on the β-γ spectrum of 82Zn is required to completely address the origin of this γ
peak. Nevertheless, the half-lives determined in coincidence with all the three γ rays
give similar results for 82Zn, leading to a weighted mean value of T1/2 = 177.9 ± 1.5
ms. It should be noted that this value is signiﬁcantly shorter than the ﬁrst half-life
measurement of 82Zn (228± 10 ms) reported by Ref. [63].
From the decay curve without gating on γ rays, the half-life of 82Zn was deduced
under the condition Eq. (A.2). Within the ﬁrst 4000 milliseconds after implantations,
A.3. 30ZN ISOTOPE 155
Depth (mm)
0 1 2 3 4 5 6 7 80
50
100
150
200
250
300
310×
Zn82 
0.62 0.63 0.64 0.65
1
10
210
dssd #1
0.62 0.63 0.64 0.65
1
10
210
310 dssd #2
0.62 0.63 0.64 0.65
1
10
210
310
410
dssd #3
0.62 0.63 0.64 0.65
1
10
210
310
410
dssd #4
0.62 0.63 0.64 0.65
1
10
210
dssd #5
Velocity (beta)
0.62 0.63 0.64 0.65
1
10
210
dssd #6
Velocity (beta)
0.62 0.63 0.64 0.65
1
10
dssd #7
Velocity (beta)
0.62 0.63 0.64 0.65
1
10
dssd #8
Fig. A.35: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 82Zn implanted in each layer of silicon
detector. The gate is drawn in red line.
Table A.21: Half-life of 82Zn obtained in coincidence with the γ rays in Fig. A.36.
The final result is obtained from the weighted average of the γ-ray coincident half-
lives listed in this table. The literature is taken from Ref. [63].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
350.5 βn decay 178.1 ± 1.7
366.5 177.6 ± 4.2
451.5 βn decay 176.6 ± 5.1
weighted avg: 177.9 ± 1.5 228 ± 10
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Fig. A.36: Left: Portion of β-γ spectra of 82Zn showing the γ peaks for the half-
life determination. Right: β-decay curve of 82Zn built in coincidence with the γ
rays exhibited on the left.
A.3. 30ZN ISOTOPE 157
Time (ms)
0 500 1000 1500 2000 2500 3000 3500 4000
Co
un
ts 
/ 1
0 
m
s
10
210
310
410 Zn82-decay of β
Fig. A.37: Fitted decay curve of 82Zn showing from 0 to 4000 milliseconds. A
half-life of T1/2 = 180.5±10.1 ms was obtained for 82Zn by fitting the decay curve.
Table A.22: Summary of fitting parameters for 82Zn, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
82Zn) 70% ± 20%∗ calculated [105, 113]
T1/2(
82Ga) 599 ms ± 2 ms literature [68]
Pn(
82Ga) 20% ± 20%∗ literature [120]
T1/2(
82Ge) 4.56 s ± 0.26 s literature [68]
T1/2(
81Ga) 1.217 s ± 0.005 s literature [68]
Pn(
81Ga) 12% ± 20%∗ literature [68]
T1/2(
81Ge) 7.6 s ± 0.6 s literature [68]
T1/2(
82Zn) 180.5 ms ± 10.1 ms χ2/NDF=0.997
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the decay chains 82Zn→81−82Ge were accounted as the βn- and β-decay channels, re-
spectively, of 82Zn. Half-lives of known nuclides were all taken from Ref. [68] except
for 82Zn. The Pn value of
82Zn employed in the ﬁtting analysis was 70 ± 20%, which
was determined by averaging the calculated values of 55% [105] and 90% [113]. The
Pn values of
81−82Ga were taken from the experimental data of 12% and 20% reported
by Refs. [68] and [120], respectively, with additional uncertainties of ±20%. The ﬁtting
result to the decay curve drawn in Fig. A.37 gives T1/2 = 180.5±10.1ms, which strongly
supports the γ-ray coincident half-life deduced by this work. The large uncertainty was
arisen from the uncertainty in Pn value of
82Zn. Contributions from other sources to the
systematic error are much less (one order of magnitude) than that from Pn value of
82Zn.
As shown in Table A.21, large discrepancy was presented between the γ-ray coincident
half-life and previous result. Since the half-life obtained without γ-ray coincidence is in
a good agreement with that with the γ-ray coincidence, a shorter β-decay half-life of
82Zn than the literature is suggested by this work. A summary of the ﬁtting parameters
and analysis result is presented in Table A.22.
A.3.3 Half-life of
83
Zn
The velocity distributions between the F7 and F11 focal planes of 83Zn implanted in
each layer of silicon detector are drawn in Fig. A.38, based on which the PID gate was
deﬁned and included in the condition Eq. (A.1) to build the γ-ray coincident decay
curve of 83Zn. Four γ rays at energies of 109, 140, 253.5 and 366.5 keV were involved
in Eq. (A.1) as G(γ) to determine the half-life of 83Zn. The 366.5-keV γ ray was also
observed in the β-γ spectrum of 82Zn, which gave the possibility to be the deexcitation in
82Ga while the other three γ rays had not been experimentally identiﬁed. The weighted
average half-life over those four γ rays gives T1/2 = 99.4 ± 3.0 ms for 83Zn. Similar to
the case of 82Zn, the γ-ray coincident half-life obtained from this work is shorter than
the previous measurement reported in Ref. [63].
The time distribution of β particles without gating on the γ rays of 83Zn is plotted
in Fig. A.41. The β2n-, βn- and β-decay channels were taken into account by the ﬁtting
function to determine the half-life of 83Zn. In the ﬁtting analysis, the half-lives of 81−82Ga
and 82−83Ge are taken from Ref. [68] while the half-life of 83Ga were taken from the γ-
ray coincident half-life obtained by this work. The Pn values of
82−83Ga were adopted
from the experimental data in Refs. [120] and [61], respectively. In order to estimate
the unknown Pn value of
83Zn, calculations from two models were considered: Ref. [105]
predicts a Pn = 29% and a P2n = 21% while Ref. [113] gives a Pn = 85% for
83Zn. To
cover the divergence between individual theoretical works, intermediate Pn values with
suﬃciently large error bars were introduced as Pn = 60(30)% and P2n = 10(10)%. The
resultant half-life of 83Zn is T1/2 = 102.4±7.7 ms. Note that the half-lives obtained with
and without γ-ray coincidence in this work are well consistent with each other and both
are shorter than the literature reported in Ref. [63]. A summary of ﬁtting parameters
and analysis result is presented in Table A.24.
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Fig. A.38: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 83Zn implanted in each layer of silicon
detector. The gate is drawn in red line.
Table A.23: Half-life of 83Zn obtained in coincidence with the γ rays drawn
in Figs. A.39−A.40. The final result is obtained from the weighted average of the
γ-ray coincident half-lives listed in this table. The literature is taken from Ref. [63].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
109 102.1 ± 4.1
140 94.1 ± 5.6
253.5 93.9 ± 9.1
366.5 108.4 ± 11.0
weighted avg: 99.4 ± 3.0 117 ± 20
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Fig. A.39: Left: Portion of β-γ spectra showing the γ peaks for the half-life
determination of 83Zn. Right: β-decay curve of 83Zn built in coincidence with the
γ ray exhibited on the left.
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Fig. A.40: The same as Fig. A.39
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Fig. A.41: Fitted decay curve of 83Zn showing from 0 to 4000 milliseconds. A
half-life of T1/2 = 102.4± 7.7 ms was obtained for 83Zn by fitting the decay curve.
Table A.24: Summary of fitting parameters for 83Zn, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
83Zn) 60% ± 30%∗ calculated [105, 113]
P2n(
83Zn) 10% ± 10%∗ calculated [105, 113]
T1/2(
83Ga) 310.1 ms ± 1.4 ms measured
Pn(
83Ga) 65% ± 20%∗ literature [61]
T1/2(
83Ge) 7.6 s ± 0.6 s literature [68]
T1/2(
82Ga) 599 ms ± 2 ms literature [68]
Pn(
82Ga) 20% ± 20%∗ literature [120]
T1/2(
82Ge) 4.56 s ± 0.26 s literature [68]
T1/2(
81Ga) 1.217 s ± 0.005 s literature [68]
Pn(
81Ga) 12% ± 20%∗ literature [68]
T1/2(
83Zn) 102.4 ms ± 7.7 ms χ2/NDF=1.052
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Fig. A.42: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 84Zn implanted in each layer of silicon
detector. The gate is drawn in red line.
A.3.4 Half-life of
84
Zn
To determine the half-life of 84Zn with β-γ correlations, a PID gate with large coverage
(shown in Fig. A.42) was applied in Eq. (A.7) to build the γ-ray coincident decay curve
of 84Zn with statistics as much as possible.
PID ∩ ∆z ≤ 1 ∩ ∆xy < 2.5 ∩ G(γ) (A.7)
From the β-γ spectrum of 84Zn, only one γ peak at 109 keV was observed with suﬃcient
statistics for the half-life determination of 84Zn. The corresponding β-γ spectrum and
time distribution are plotted in Figs. A.43(a) and A.43(b), respectively. A half-life of
T1/2 = 53.6± 8.1 was obtained by the ﬁtting analysis to the single decay curve and the
result is listed in Table A.25.
Consisting of the β decays from 84Zn, 82−84Ga and 83−84Ge, time distribution of
the β particles within 2000 milliseconds after the implantations of 84Zn was drawn in
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Fig. A.43: Left: Portion of β-γ spectrum showing the γ peak of 84Zn for the
half-life determination. Right: β-decay curve of 84Zn built in coincidence with the
γ ray drawn on the left.
Table A.25: Half-life of 84Zn obtained in coincidence with the γ rays drawn in
Fig. A.43. The final result is obtained from the weighted average of the γ-ray
coincident half-lives listed in this table.
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
109 53.6 ± 8.1
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(a) Fitted decay curve of 84Zn showing from 0 to 2000 milliseconds. With case (a) explained
in the half-life determination of 84Ga, a half-life of T1/2 = 66.2± 4.4 ms was obtained for 84Zn
by fitting the decay curve.
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(b) Fitted decay curve of 84Zn showing from 0 to 2000 milliseconds. With case (b) explained
in the half-life determination of 84Ga, a half-life of T1/2 = 63.5± 4.3 ms was obtained for 84Zn
by fitting the decay curve.
Fig. A.44: Fitted decay curve of 84Zn showing from 0 to 2000 milliseconds after
the implantations of 84Zn with two different fitting conditions. The details are
explained in the main text.
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Table A.26: Summary of fitting parameters for 84Zn, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result. Case(a) and (b) refer to the
two different scenarios for 84Ga in Table A.11. Detailed information is explained
in the main text.
Case(a)
parameter Central value Uncertainty Comment
Pn(
84Zn) 70% ± 20%∗ calculated [105, 113]
P2n(
84Zn) 10% ± 10%∗ calculated [105, 113]
T1/2(
84Ga)(short) 92.7 ms ± 0.7 ms measured
T1/2(
84Ga)(long) 450 ms ± 250 ms ﬁtted, Table A.11
Plong(
84Ge) 50% ± 50% assumption
Pn(
84Ga) 74% ± 20%∗ literature [61]
T1/2(
84Ge) 954 ms ± 14 ms literature [68]
Pn(
84Ge) 12% ± 20%∗ literature [68]
T1/2(
83Ga) 310.1 ms ± 1.4 ms measured
Pn(
83Ga) 65% ± 20%∗ literature [61]
T1/2(
83Ge) 7.6 s ± 0.6 s literature [68]
T1/2(
82Ga) 599 ms ± 2 ms literature [68]
Pn(
82Ga) 20% ± 20%∗ literature [120]
T1/2(
83Zn) 66.2 ms ± 4.4 ms χ2/NDF=0.985
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Table A.27: Continue of Table A.26
Case(b)
parameter Central value Uncertainty Comment
Pn(
84Zn) 70% ± 20%∗ calculated [105, 113]
P2n(
84Zn) 10% ± 10%∗ calculated [105, 113]
T1/2(
84Ga) 92.7 ms ± 0.7 ms measured
Pn(
84Ga) 20% ± 20%∗ assumption
T1/2(
84Ge) 954 ms ± 14 ms literature [68]
Pn(
84Ge) 12% ± 20%∗ literature [68]
T1/2(
83Ga) 310.1 ms ± 1.4 ms measured
Pn(
83Ga) 65% ± 20%∗ literature [61]
T1/2(
83Ge) 7.6 s ± 0.6 s literature [68]
T1/2(
82Ga) 599 ms ± 2 ms literature [68]
Pn(
82Ga) 20% ± 20%∗ literature [120]
T1/2(
84Zn) 63.5 ms ± 4.3 ms χ2/NDF=0.985
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Fig. A.44, which was constructed by the condition
PID ∩ ∆z = 0 ∩ ∆xy ≤ 1.5. (A.8)
Half-lifes of 82Ga and 83−84Ge were adopted from the literature in Ref. [68] whereas the
half-life of 83Ga were available and taken from the γ-ray coincident half-life deduced in
this work. The Pn value of
83Ga, on the contrary, were taken from the experimental data
reported in Ref. [61]. The Pn values of
84Zn were determined to cover the theoretical
works in Refs. [105,113], which led to a Pn = 70±20% and a P2n = 10±10% in the ﬁtting
function for 84Zn. One diﬃculty ﬁtting the decay curve of 84Zn was originated from the
two possible scenarios of 84Ga listed in Table A.11. To avoid the underestimation of
systematic uncertainty in the ﬁnal result, the decay curve of 84Zn was ﬁtted by both
scenarious with the ﬁtted results shown in Fig. A.44. With the input parameters listed
in Tables A.26−A.27, half-life of 84Zn were determined to be 66.2±4.4 ms and 63.5±4.3
ms for the case (a) and (b), respectively. The ﬁnal result for 84Zn was obtained as a
mean value of T1/2 = 65 ± 6 ms with error bar covering the lower and upper limits of
the two possible scenarios. It is noteworthy that the half-life such obtained reasonably
consisted with the half-life obtained in coincidence with the γ ray in this work.
A.4 29Cu isotope
In this work, the copper (Z = 29) isotopes with A = 77 − 82 were populated and
implanted into silicon detectors. The half-lives of 77−80Cu were measured and compared
with previous works to verify the validity of this analyses. Then, new half-lives of
81−82Cu were measured and reported by this work.
A.4.1 Half-life of
77
Cu
Fission fragments 77Cu were populated and mostly stopped in DSSSDs #5 − 6 after
the transmission through BigRIPS and ZDS. The PID gate shown as the red lines in
Fig. A.45 was applied to the implanted 77Cu to reduce contaminations produced by
secondary reactions. The γ-ray coincident decay curves of 77Cu were built against the
condition Eq. (A.1) with four γ peaks at 114.5, 505, 598.5 and 957.5 keV to determine
the half-life of 77Cu. According to Ref. [121], the γ peaks at 114.5, 505 and 957.5 keV
correspond to the the transitions (9/2+) → (7/2+), (3/2+) → (1/2−) and (5/2+) →
(3/2+), respectively, in 77Zn while the 598.5-keV γ ray is populated in the transition
from 2+ to 0+ in 76Zn. Portion of β-γ spectrum and corresponding decay curves for those
four peaks are presented in the left and right columns of Figs. A.46−A.47, respectively.
The half-lives such obtained are listed in Table A.28 togather with a weighted mean value
of 476.8±3.4 ms. Compared with literature, a slightly longer half-life than Ref. [68] but
close to that reported by Ref. [121] is obtained by this work in coincidence with γ rays.
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Fig. A.45: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 77Cu implanted in each layer of silicon
detector. The gate is drawn in red line.
Table A.28: Half-life of 77Cu obtained in coincidence with γ rays drawn in
Figs. A.46−A.47. The final result is obtained from the weighted average of the
γ-ray coincident half-lives listed in this table. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
114.5 β decay 461.2 ± 8.5
505 β decay 475.8 ± 5.6
598.5 βn decay 486.0 ± 6.0
957.5 β decay 475.8 ± 9.2
weighted avg: 476.8 ± 3.4 468.1 ± 2.0
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Fig. A.46: Left: Portion of β-γ spectra showing the γ peaks for the half-life
determination of 77Cu. Right: β-decay curve of 77Cu built in coincidence with the
γ ray drawn on the left.
E (keV)
560 580 600 620 640
Co
un
ts 
/ k
eV
0
500
1000
598.5
E (keV)
920 940 960 980
Co
un
ts 
/ k
eV
0
200
400 957.5
(a)
0 2000 4000 6000 8000
Co
un
ts 
/ 5
0 
m
s
10
210
310
Cu - 598.5 keV77
Time (ms)
0 2000 4000 6000 8000
Co
un
ts 
/ 5
0 
m
s
1
10
210 Cu - 957.5 keV77
(b)
Fig. A.47: The same as Fig. A.46.
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Fig. A.48: Fitted decay curve of 77Cu showing from 0 to 10 seconds. A half-life
of T1/2 = 467.1 ± 35.9 ms was obtained for 77Cu by fitting the decay curve.
Table A.29: Summary of fitting parameters for 77Cu, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
77Cu) 30% ± 20%∗ literature [121]
T1/2(
77Zn)(ground) 2.08 s ± 0.05 s literature [68]
T1/2(
77Zn)(isomer) 1.05 s ± 0.01 s literature [68]
Pisomer(
77Zn) 30% ± 10%∗ literature [121]
T1/2(
77Ga) 13.2 s ± 0.2 s literature [68]
T1/2(
76Zn) 5.7 s ± 0.3 s literature [68]
T1/2(
76Ga) 32.6 s ± 0.6 s literature [68]
T1/2(
77Cu) 467.1 ms ± 35.9 ms χ2/NDF=1.083
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The total β-decay curve of 77Cu drawn in Fig. A.48 was obtained with the condition
Eq. (A.2). Contributions from the decay chains 77Cu→76−77Ga were included in the
ﬁtting analysis within a 10-second time window after the implantations of 77Cu. In
the ﬁtting analysis, known half-lives were adopted from the literature [68] except for
77Cu. In addition, β decay from the β-decaying isomer (1/2−) in 77Zn was taken into
account for the half-life determination of 77Cu. The β-decay half-life of the isomer was
adopted as 1.05 ± 0.1 seconds from Ref. [68], being diﬀerent from 2.08 ± 0.05 seconds
of the ground state. A probability of 30% feeding to the isomer (Pisomer) from a β
decay of 77Cu was taken from Ref. [121] with an uncertainty of ±10%, among which
20% underwent a β decay into 77Ga and 10% decayed to the ground state of 77Zn by
emitting a γ ray. From the same reference, a Pn value of 30% for
77Cu was taken with
an additional ±20% uncertainty. Figure A.48 shows the result from the ﬁtting analysis
with the input parameters such ﬁxed. The half-life is then given as T1/2 = 467.1± 35.9
ms. The main contribution to the uncertainty in ﬁnal result came from the uncertainty
in the Pn value of
77Cu. A summary of the ﬁtting parameters and analysis result is
presented in Table A.29.
A.4.2 Half-life of
78
Cu
Figure A.49 shows the velocity distributions between the F7 and F11 focal planes of
78Cu implanted in the silicon detectors. The PID gate, which was drawn as red lines in
Fig. A.49, was employed in Eq. (A.1) to build the γ-ray coincident decay curve of 78Cu
with ﬁve γ peaks at energies of 114.5, 576, 730, 890.5 and 909.5 keV. Since the γ-ray
transition at 114.5 keV corresponds to the (9/2+) → (7/2+) deexcitation in 77Zn, the
corresponding β decay was assigned to the βn-decay channel of 78Cu. The other four γ
rays are populated in the transitions (4+, 8+)→ 6+, 2+ → 0+, 4+ → 2+, and 6+ → 4+
in 78Zn, respectively [68]. The β-γ spectra and time distributions of each γ peak are
presented in Figs. A.50−A.51. The half-life given by the ﬁtting analysis are summarized
in Table A.30. A weighted average half-life over all the γ peaks gives T1/2 = 330.7± 1.0
ms for 78Cu, which is in a good agreement with the value of 335±11 ms from Ref. [68].
For the half-life determination without gating on γ rays, the condition Eq. (A.2)
was applied to build the decay curve of 78Cu. Decay chains including 78Cu→77−78Ga
were considered as the βn- and β-decay channels, respectively, for the β decay of 78Cu.
Excluding 78Cu, the half-lives of known nuclides involved in the ﬁtting analysis were
taken from Ref. [68]. Unlike the case of 77Cu, no previous work is available to discuss the
decay property of (1/2−) isomer of 77Zn in a β decay of 78Cu. Since the βn branching
ratio of 78Cu is around 50% [60, 61], the half-life determined by the ﬁtting analysis
strongly depends on the feeding probability to the isomer by a β decay from 78Cu.
However, no strong γ peaks with energies of 505 or 591.3 keV, which were identiﬁed as
the transitions from higher excited states to the isomer in 77Zn [121], were observed in
the β-γ spectrum of 78Cu. This phenomenon indicates a much lower population rate of
the isomer in the βn-decay channel of 78Cu than that in the β-decay channel of 77Cu.
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Fig. A.49: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 78Cu implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.50: Left: Portion of β-γ spectra focusing on the γ peaks for the half-life
determination of 78Cu. Right: β-decay curve of 78Cu built in coincidence with the
γ ray exhibited on the left.
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Fig. A.51: The same as Fig. A.50.
Table A.30: Half-life of 78Cu obtained in coincidence with the γ rays exhibited
in Figs. A.50−A.51. The final result is obtained from the weighted average of the
γ-ray coincident half-lives listed in this table. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
114.5 βn decay 325.8 ± 1.9
576 β decay 334.3 ± 2.7
730 β decay 327.6 ± 2.0
890.5 β decay 332.6 ± 2.1
909.5 β decay 339.6 ± 2.7
weighted avg: 330.7 ± 1.0 335 ± 11
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Fig. A.52: Fitted decay curve of 78Cu showing from 0 to 4000 milliseconds. A
half-life of T1/2 = 330.2±10.2 ms was obtained for 78Cu by fitting the decay curve.
Table A.31: Summary of fitting parameters for 78Cu, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
78Cu) 50% ± 20%∗ literature [60, 61]
T1/2(
78Zn) 1.47 s ± 0.15 s literature [68]
T1/2(
78Ga) 5.09 s ± 0.05 s literature [68]
T1/2(
77Zn)(ground) 2.08 s ± 0.05 s literature [68]
T1/2(
77Zn)(isomer) 1.05 s ± 0.01 s literature [68]
Pisomer(
77Zn) 10% ± 10%∗ assumption
T1/2(
77Ga) 13.2 s ± 0.2 s literature [68]
T1/2(
78Cu) 330.2 ms ± 10.2 ms χ2/NDF=1.162
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Fig. A.53: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 79Cu implanted in each layer of silicon
detector. The gate is drawn in red line.
Therefore, a low probability of 10± 10% feeding to the isomeric state was assumed for
the βn decay of 78Cu. The Pn value of
78Cu was determined as 50(20)% based on two
previous works in Refs. [60, 61], which are not well consistent with other. The half-life
obtained from the ﬁtting analysis to the decay curve in Fig. A.52 is T1/2 = 330.2± 10.2
ms, which well consists with the γ-ray coincident half-life deduced by this work as well as
the literature [68]. A summary of the ﬁtting parameters and analysis result is presented
in Table A.31.
A.4.3 Half-life of
79
Cu
In order to determine the half-life of 79Cu, the PID gate drawn as red lines in Fig. A.53
was applied to the velocity of implanted 79Cu. Including the γ-ray coincident gate G(γ),
the condition employed to build the decay curve of 79Cu is Eq. (A.1). Five γ peaks at
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Fig. A.54: Left: Portion of β-γ spectra showing the γ peaks for the half-life
determination of 79Cu. Right: β-decay curve of 79Cu built in coincidence with the
γ ray exhibited on the left.
236.5, 730, 890.5, 985.5 and 1451 keV were selected to determine the half-life of 79Cu.
The 730- and 890.5-keV γ peaks were previously oberved in the β-γ spectrum of 78Cu
and assigned to the transitions 2+ → 0+ and 4+ → 2+ in 78Zn, respectively. The β-γ
and decay spectra of those γ peaks are presented in Figs. A.54−A.55. The half-lives
obtained from each γ peaks are presented in Table A.32, in which a weighted average
half-life is shown with the comparison with previous result [68]. It is worthy to note
that the half-life of T1/2 = 241.3± 2.1 ms obtained in this work is slightly longer than
that of previous work.
The total decay curve of 79Cu without gating on γ ray is presented in Fig. A.56,
which was built by the condition Eq. (A.2). Both β- and βn-decay channels were taken
into account in the ﬁtting analysis, including contributions by the β decays of 78−79Ge,
78−79Ga and 79Cu. Known half-lives were taken from the literature in Ref. [68]. A Pn
value of 72(20)% for 79Cu was adopted from Ref. [60], in which a value of 72(12)% was
reported. The half-life of 79Cu such obtained is T1/2 = 249.4 ± 12.2 ms. This result
well consists with the γ-ray coincident half-life of this work, which is longer than the
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Fig. A.55: The same as Fig. A.54.
Table A.32: Half-life of 79Cu obtained in coincidence with the γ rays drawn
in Figs. A.54−A.55. The final result is obtained from the weighted average of the
γ-ray coincident half-lives listed in this table. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
236.5 248.6 ± 5.3
730 βn decay 243.9 ± 2.7
890.5 βn decay 253.6 ± 10.3
985.5 227.0 ± 6.4
1451 222.7 ± 6.9
weighted avg: 241.3 ± 2.1 188 ± 25
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Fig. A.56: Fitted decay curve of 79Cu showing from 0 to 4000 milliseconds. A
half-life of T1/2 = 249.4±12.2 ms was obtained for 79Cu by fitting the decay curve.
Table A.33: Summary of fitting parameters for 79Cu, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
79Cu) 72% ± 20%∗ literature [60]
T1/2(
79Zn) 995 ms ± 19 ms literature [68]
T1/2(
79Ga) 2.847 s ± 0.03 s literature [68]
T1/2(
78Zn) 1.47 s ± 0.15 s literature [68]
T1/2(
78Ga) 5.09 s ± 0.05 s literature [68]
T1/2(
79Cu) 249.4 ms ± 12.2 ms χ2/NDF=1.078
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Fig. A.57: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 80Cu implanted in each layer of silicon
detector. The gate is drawn in red line.
literature of 188(25) milliseconds [68]. It is worthwhile to stress that there was also
another experimental work to measure the β-decay half-lives around 78Ni [59, 60], in
which the half-life of 79Cu was reported as 257+29−26 ms. The latter result, instead, is in
a much better agreement with the present work. A summary of the ﬁtting parameters
and the analysis result is presented in Table A.33.
A.4.4 Half-life of
80
Cu
With the PID gate deﬁned in Fig. A.57, the condition Eq. (A.1) was employed to build
the decay curve of 80Cu in coincidence with the γ rays at 483, 985.5 and 1488 keV. The
1488-keV γ peak was assigned to the 2+ → 0+ transition in 80Zn, which was observed
in the low-energy Coulomb excitation at the Radioactive Ion Beam (RIB) facility REX-
ISOLDE (CERN) [50]. The weighted average value over three γ-ray coincident half-lives
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Fig. A.58: Left: Portion of β-γ spectra showing the γ peaks for the half-life
determination of 80Cu. Right: β-decay curve of 80Cu built in coincidence with the
γ ray exhibited on the left.
gives T1/2 = 113.3±6.4ms. This result is shorter than the literature reported in Ref. [60].
Compared with literature, the half-life obtained in this work is more reliable because of
the greater implantion rate of 80Cu than that (Nimp = 16) in Ref. [60].
The half-life analysis without β-γ coincidence of 80Cu was performed with the
condition Eq. (A.2). The decay chains 80Cu→79−80Ga were considered in the decay
curve within 3000 milliseconds after the implantations of 80Cu. The half-lives of 79Zn
and 79−80Ga were taken from Ref. [68] while the half-life of 80Zn was taken from the γ-ray
coincident half-life obtained in this work. Since both Refs. [105, 113] predict Pn values
around 60% for 80Cu, a Pn(
80Cu) = 60± 20% was assumed in the ﬁtting analysis of the
decay curve shown in Fig. A.59. The resultant half-life is obtained as T1/2 = 103.3±6.5
for 80Cu, which supports the γ-ray coincident half-life from this work. A summary of
the ﬁtting parameters and analysis result is present in Table A.35.
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Table A.34: Half-life of 80Cu obtained in coincidence with the γ rays drawn in
Fig. A.58. The final result is obtained from the weighted average of the γ-ray
coincident half-lives listed in this table. The literature is taken from Ref. [60].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
483 114.9 ± 9.6
985.5 101.3 ± 12.3
1488 β decay 121.8 ± 11.7
weighted avg: 113.3 ± 6.4 170 +110−50
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Fig. A.59: Fitted decay curve of 80Cu showing from 0 to 3000 milliseconds. A
half-life of T1/2 = 103.3± 6.5 ms was obtained for 80Cu by fitting the decay curve.
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Table A.35: Summary of fitting parameters for 80Cu, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
80Cu) 60% ± 20%∗ calculated [105, 113]
T1/2(
80Zn) 562.2 ms ± 3.0 ms measured
T1/2(
80Ga) 1.676 s ± 0.014 s literature [68]
T1/2(
79Zn) 995 ms ± 19 ms literature [68]
T1/2(
79Ga) 2.847 s ± 0.03 s literature [68]
T1/2(
80Cu) 103.3 ms ± 6.5 ms χ2/NDF=1.143
Table A.36: Half-life of 81Cu obtained in coincidence with the γ rays drawn in
Fig. A.61. The final result is obtained from the weighted average of the γ-ray
coincident half-lives listed in this table.
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
482.5 67.7 ± 9.6
1488 βn decay 78.5 ± 9.5
weighted avg: 73.2 ± 6.8
A.4.5 Half-life of
81
Cu
Histograms of velocity between the F7 and F11 focal planes of 81Cu implanted in each
silicon detector are presented in Fig. A.60, based on which the PID gate is determined
and involved in the condition
PID ∩ ∆z = 0 ∩ ∆xy < 2.5 ∩ G(γ) (A.9)
to determine the half-life of 81Cu. The decay curves built in coincidence with the 482.5-
and 1488-keV γ peaks were presented in Fig. A.61, in which both of the γ peaks were
previouly observed in the β-γ spectrum of 80Cu, implying a strong βn-decay channel in
81Cu. In Table A.36, the half-lives obtained in coincidence with respective γ peaks are
presented. Then a weighted average half-life of T1/2 = 73.2± 6.8 ms was derived, which
was the ﬁrst half-life measurement for 81Cu.
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Fig. A.60: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 81Cu implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.61: Left: Portion of β-γ spectra showing the γ rays for the half-life
determination of 81Cu. Right: β-decay curve of 81Cu built in coincidence with
the γ ray exhibited on the left.
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Fig. A.62: Fitted decay curve of 81Cu showing from 0 to 2000 milliseconds. A
half-life of T1/2 = 68.5 ± 6.4 ms was obtained for 81Cu by fitting the decay curve.
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Table A.37: Summary of fitting parameters for 81Cu, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
81Cu) 65% ± 20%∗ calculated [105, 113]
P2n(
81Cu) 10% ± 10%∗ calculated [105, 113]
T1/2(
81Zn) 303.2 ms ± 1.2 ms measured
T1/2(
81Ga) 1.217 s ± 0.005 ms literature [68]
T1/2(
80Zn) 562.2 ms ± 3.0 ms measured
T1/2(
80Ga) 1.676 s ± 0.014 s literature [68]
T1/2(
79Zn) 995 ms ± 19 ms literature [68]
T1/2(
81Cu) 68.5 ms ± 6.4 ms χ2/NDF=0.956
Time distribution of the β decay including the contributions from the β2n-, βn- and
β-decay channels of 81Cu is built by the condition Eq. (A.2) and presented in Fig. A.62
within 2000 milliseconds after implantations. The half-lives of 79Zn and 80−81Ga were
taken from the literature in Ref. [68] while the half-lives of 80−81Zn were adopted from
the γ-ray coincident half-lives deduced by this work. For 81Cu, a Pn = 65(20)% and a
P2n = 10(10)% were assumed based on the calculations in Refs. [105,113]. The χ
2-ﬁtting
analysis to the decay curve drawn in Fig. A.62 gives T1/2 = 68.5 ± 6.4 ms which well
agrees with the half-life obtained in coincidence with γ rays in this work. A summary
of the ﬁtiing parameters and analysis result is presented in Table A.37.
A.4.6 Half-life of
82
Cu
The half-life of 82Cu was determined with the condition Eq. (A.10) in which the PID
gate was deﬁned according to Fig. A.63.
PID ∩ ∆z ≤ 1 ∩ ∆xy < 2.5 (A.10)
The decay chains 82Cu→80Zn and 82Cu→81−82Ga, which correspond to the β2n-, βn-,
and β-decay channels of 82Cu, respectively, were considered in the ﬁtting analysis to the
total decay curve shown in Fig. A.64. The half-lives of 81−82Ga were taken from Ref. [68]
while the half-lives of 80−82Zn were taken from the γ-ray coincident results obtained in
this work. A Pn = 70(20)% of
82Zn was adopted from Table A.22. By combining
predictions of Pn = 30% and P2n = 55% [105] with Pn = 60% [113], branching ratios
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Fig. A.63: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 82Cu implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.64: Fitted decay curve of 82Cu showing from 0 to 1000 milliseconds. A
half-life of T1/2 = 32.3
+7.4
−6.5 ms was obtained for
82Cu by fitting the decay curve.
Table A.38: Summary of fitting parameters for 82Cu, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
82Cu) 45% ± 20%∗ calculated [105, 113]
P2n(
82Cu) 30% ± 25%∗ calculated [105, 113]
T1/2(
82Zn) 177.9 ms ± 1.5 ms measured
Pn(
82Zn) 70% ± 20%∗ calculated [105, 113]
T1/2(
82Ga) 599 ms ± 2 ms literature [68]
T1/2(
81Zn) 303.2 ms ± 1.2 ms measured
T1/2(
81Ga) 1.217 s ± 0.005 ms literature [68]
T1/2(
80Zn) 562.2 ms ± 3.0 ms measured
T1/2(
81Cu) 32.3 ms −6.5 ∼ +7.4 ms MLH ratio = 1.11
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of Pn = 45(20)% and P2n = 30(25)% were assumed for
82Cu. With an unbinned MLH
method applied in the ﬁtting analysis, a β-decay half-life of T1/2 = 32.3
+7.4
−6.5 ms was
obtained, which was the ﬁrst half-life measurement for 82Cu. The uncertainty in the
ﬁnal result was mainly contributed by the statistical error of the ﬁt incorporated with
the uncertainties in the P(2)n values of
82Cu. A summary of the ﬁtting parameters and
analysis result is presented in Table A.38.
A.5 28Ni isotope
The half-lives of nickel isotopes (Z = 28) with mass number A = 74−80 were measured
from this experiment. Previous works reported half-lives of nickel isotopes till 78Ni,
in which large statistical uncertainty was remained. In this work, the half-lives of
74−78Ni were remeasured with much higher implantation rates and, therefore, much less
uncertainties. Because of the high intensity of the primary beam, it was also possible
to deduce the half-lives of 79−80Ni for the ﬁrst time from this experiment.
A.5.1 Half-life of
74
Ni
Figure A.65 shows the histograms of velocity between the F7 and F11 focal planes for
74Ni implanted in each layer of silicon detector. Together with the PID gate deﬁned
in Fig. A.65, the total condition applied to build the γ-ray coincident decay curve of
74Ni is Eq. (A.1). Six relatively intense γ peaks within the ﬁrst 300 milliseconds after
implantations were picked up as G(γ) at energies of 147.5, 165.5, 694, 1177, 1601.5
and 1897.5 keV. Decay curves built in coincidence with respective γ rays, which are
drawn in Figs. A.66(b)−A.67(b), were ﬁtted by a single-exponential decay function
plus a constant background, from which a weighted average value of 507.7 ± 4.6 ms
was obtained as the half-life of 74Ni. In Table A.39, the β decays followed by the γ-ray
emissions at 147.5, 165.5 and 694 keV were assigned to the β-decay channel because of
the previous observation in a decay experiment reported by Ref. [122]. Compared with
literature, the result of γ-ray coincident half-life from this work is much more precise
than the previous measurement with the uncertainty one order of magnitude smaller
than that reported in Ref. [68].
Figure A.68 shows the decay curve of 74Ni drawn by the γ-ray-free condition
Eq. (A.2). Decay events taking place within 10 seconds after the implantations of
74Ni were taken into account by the analysis. To ﬁt the decay curve, a decay func-
tion including the decay chains 74Ni→73−74Zn was constructed. Known half-lives of
the daughter, grand-daughter nuclei in the βn- and β-decay channels were taken from
Ref. [68] as the input parameters to the ﬁtting function. The β-decaying isomer in 73Zn
with a half-life of 5.8 seconds was considered in the ﬁtting analysis with a probabil-
ity of 50(50)% feeding to the isomer (Pisomer) from a β decay of
73Cu. Investigation
showed a weak dependence between the 74Ni half-life and the probability feeding to the
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Fig. A.65: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 74Ni implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.66: Left: Portion of β-γ spectra showing the γ rays for the half-life
determination of 74Ni. Right: β-decay curve of 74Ni built in coincidence with
the γ ray exhibited on the left.
Table A.39: Half-life of 74Ni obtained in coincidence with the γ rays drawn in
Figs. A.66−A.67. The final result is obtained from the weighted average of the γ-
ray coincident half-lives listed in this table. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
147.5 (β decay) 506.6 ± 13.0
165.5 (β decay) 512.6 ± 7.6
694 (β decay) 513.7 ± 7.5
1177 482.4 ± 20.9
1601.5 475.7 ± 25.7
1897.5 468.9 ± 21.9
weighted avg: 507.7 ± 4.6 680 ± 180
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Fig. A.67: The same as Fig. A.67.
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Fig. A.68: Fitted decay curve of 74Ni showing from 0 to 10 seconds. A half-life
of T1/2 = 495.2
+35.6
−19.4 ms was obtained for
74Ni by fitting the decay curve.
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Table A.40: Summary of fitting parameters for 74Ni, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
74Ni) 10% ± 20%∗ calculated [105, 113]
T1/2(
74Cu) 1.594 s ± 0.01 s literature [68]
T1/2(
74Zn) 95.6 s ± 1.2 s literature [68]
T1/2(
73Cu) 4.2 s ± 0.3 s literature [68]
T1/2(
73Zn)(ground) 23.5 s ± 0.1 s literature [68]
T1/2(
73Zn)(isomer) 5.8 s ± 0.8 s literature [68]
Pisomer(
73Zn) 50% ± 50% assumption
T1/2(
74Ni) 495.2 ms −19.4 ∼ +35.6 ms χ2/NDF = 1.062
isomer, which could be understood by the low βn branching ratios in the β decay of
74Ni [105, 113]. A calculated Pn value of 10% was taken for
74Ni from Ref. [105, 113],
by which the systematics of Pn values as a function of neutron number in the nickel
isotopes can be well reproduced [60]. An uncertainty of −10% ∼ +20% was added to
the Pn value to estimate the induced systematic uncertainty in the obtained half-life. A
T1/2 = 495.2
+35.6
−19.4 ms from the χ
2 ﬁtting is well consistent with γ-ray coincident half-life
presented in Table A.39. Compared to the literature from previous measurement, a
shorter half-life is suggested for 74Ni by this work. A summary of the ﬁtting parameters
and analysis result is presented in Table A.40.
A.5.2 Half-life of
75
Ni
To determine the β-decay half-life of 75Ni, implanted 75Ni in DSSSDs #6−7 were in-
cluded into the analysis by a PID gate applied to the velocities between the F7 and
F11 focal planes, which is drawn as the red line in Fig. A.69. The γ peaks at 883.5,
992.5 and 1483.5 keV in the β-γ spectra were involved as G(γ) for the half-life deter-
mination of 75Ni. Employing the PID and G(γ) gates introduced above, Eq. (A.1) was
involved as the condition to construct the γ-ray coincident decay curves of 75Ni, which
are plotted in Fig. A.70(b). Portions of β-γ spectra drawn within 200 milliseconds after
implantations are presented in Fig. A.70(a). The ﬁtting analysis to the decay curves
in Fig. A.70(b) gives a half-life of 331.6±3.2 ms for 75Ni, which is listed in Table. A.70
together with the half-life of individual γ peak. The result is in a good agreement to
194 APPENDIX A. DETAILED ANALYSIS FOR THE β-DECAY HALF-LIFE
Depth (mm)
0 1 2 3 4 5 6 7 80
200
400
600
800
1000
310×
Ni75 
0.63 0.64 0.65 0.66
1
10
210 dssd #1
0.63 0.64 0.65 0.66
1
10
210 dssd #2
0.63 0.64 0.65 0.66
1
10
210
dssd #3
0.63 0.64 0.65 0.66
1
10
210
310 dssd #4
0.63 0.64 0.65 0.66
1
10
210
310 dssd #5
Velocity (beta)
0.63 0.64 0.65 0.66
1
10
210
310
410 dssd #6
Velocity (beta)
0.63 0.64 0.65 0.66
1
10
210
310
410
dssd #7
Velocity (beta)
0.63 0.64 0.65 0.66
1
10
210
310 dssd #8
Fig. A.69: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 75Ni implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.70: Left: Portion of β-γ spectra showing the γ peaks involved in the half-
life determination of 75Ni. Right: β-decay curve of 75Ni coincident with the γ ray
exhibited on the left.
the previous measurement with a much smaller uncertainty achieved by this work than
that of literature.
Similarly to the analyses on other nuclides, Eq. (A.2) was applied to build the total
decay curve of 75Ni according to the velocities of implanted 75Cu between the F3 and F7
focal planes, which are drawn in Fig. A.71. Within ﬁve seconds after implantations, the
ﬁtting function including detected β decays from 75Ni as well as 74−75Cu and 74−75Zn
was constructed. The half-lives of 74−75Cu and 74−75Zn were taken from the literature
in Ref. [68] as the input parameters to the ﬁtting analysis. A Pn value of 10% for
75Ni was adopted from the experimental result reported in Ref. [60] with an additional
−10% ∼ +20% uncertainty to avoid the possible underestimation of uncertainty in the
half-life determination for 75Ni. The β-decay half-life such obtained is T1/2 = 327.9
+6.7
−4.0
ms, which is well consistent with both the γ-ray coincident half-life by this work and
the literature. A summary of the ﬁtting parameters and analysis result is presented in
Table A.42.
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Table A.41: Half-life of 75Ni obtained in coincidence with the γ rays drawn in
Fig. A.70. The final result is obtained from the weighted average of the γ-ray
coincident half-lives listed in this table. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
883.5 319.1 ± 5.5
992.5 331.4 ± 4.6
1483.5 356.8 ± 7.7
weighted avg: 331.6 ± 3.2 344 ± 25
Time (ms)
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Co
un
ts 
/ 1
0 
m
s
10
210
310
410
Ni75-decay of β
Fig. A.71: Fitted decay curve of 75Ni showing from 0 to 5 seconds. A half-life of
T1/2 = 327.9
+6.7
−4.0 ms was obtained for
75Ni by fitting the decay curve.
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Table A.42: Summary of fitting parameters for 75Ni, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
75Ni) 10% ± 20%∗ literature [60]
T1/2(
75Cu) 1.222 s ± 0.008 s literature [68]
T1/2(
75Zn) 10.2 s ± 0.2 s literature [68]
T1/2(
74Cu) 1.594 s ± 0.01 s literature [68]
T1/2(
74Zn) 95.6 s ± 1.2 s literature [68]
T1/2(
75Ni) 327.9 ms −4.0 ∼ +6.7 ms χ2/NDF = 0.996
Table A.43: Half-life of 76Ni obtained in coincidence with the γ-ray drawn in
Fig. A.73. The final result is obtained from the weighted average of the γ-ray
coincident half-lives listed in this table. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
275.5 229.7 ± 3.8
480.5 (β decay) 227.5 ± 3.0
1052.5 (β decay) 241.1 ± 2.4
weighted avg: 234.6 ± 1.7 238 ± 18
A.5.3 Half-life of
76
Ni
To deduce the β-decay half-life of 76Ni, velocity distributions between the F7 and F11
focal planes of 76Ni implanted in each layer of silicon detector are drawn in Fig. A.72,
according to which the PID gate was deﬁned as the red lines in the ﬁgure. Three γ-
ray transitions with energies of 275.5, 480.5 and 1052.5 keV were involved as G(γ) in
Eq. (A.1) for the half-life determination of 76Ni. The latter two have been previously
observed and assigned to the transitions (1+) → (1+) and (1+) → (2, 3−), respectively,
in 76Cu [122]. The half-lives obtained in coincidence with individual γ-ray transitions
are listed in Table A.43 together with a weighted mean value of T1/2 = 234.6±1.7 ms as
the half-life of 76Ni, This result well consists with the previous measurement reported
in Ref. [60] within ±1σ uncertainty.
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Fig. A.72: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 76Ni implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.73: Left: Portion of β-γ spectrum showing the γ rays for the half-life
determination of 76Ni. Right: β-decay curve of 76Ni coincident with the γ ray
exhibited on the left.
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Fig. A.74: Fitted decay curve of 76Ni showing from 0 to 5 seconds. A half-life of
T1/2 = 243.7
+11.4
−19.1 ms was obtained for
76Ni by fitting the decay curve.
Table A.44: Summary of fitting parameters for 76Ni, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
76Ni) 14% ± 20%∗ literature [60]
T1/2(
76Cu)(ground) 637 ms ± 7 ms literature [68]
T1/2(
76Cu)(isomer) 1.27 s ± 0.3 s literature [68]
Pisomer(
76Cu) 50% ± 50%∗ assumption
T1/2(
76Zn) 5.7 s ± 0.3 s literature [68]
T1/2(
75Cu) 1.222 s ± 0.008 s literature [68]
T1/2(
75Zn) 10.2 s ± 0.2 s literature [68]
T1/2(
76Ni) 243.7 ms −19.1 ∼ +11.4 ms χ2/NDF = 1.469
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The half-life determination for 76Ni without γ-ray coincidence was carried out based
on the condition Eq. (A.2). The β particles contributed by the decays of 75−76Cu and
75−76Zn were considered together with 76Ni in the ﬁtting analysis. A Pn value of 14%
was adopted for 76Ni from the previous measurement in Ref. [60], with an additional
−14% ∼ +20% uncertainty assumed in this work. The half-lives of 75−76Cu and 75−76Zn
were obtained from the literature available in Ref. [68]. It is noteworthy that a β-
decaying isomer with a half-life of 1.27(30) seconds in 76Cu was proposed in Ref. [123],
which, however, was not able to be conﬁrmed by other recent work [124]. In this
work, the existence of this isomer was retained by assuming 50% feeding probability
(Pisomer) from a β decay of
76Ni. The systematic error in the β-decay half-life attributed
to the poorly determined probability feeding to the isomer was estimated by a ±50%
uncertainty in the ﬁtting analysis. By combining all sources of systematic errors and
statistical error, the β-decay half-life of 76Ni is obtained as T1/2 = 243.7
+11.4
−19.1 ms. The
large negative uncertainty comes from the possibly incorrect probability feeding to the
isomer in 76Cu. Nevertheless, the ﬁnal result consists with both the γ-ray coincident
half-life from this work and the literature value in a reasonable acceptance. A summary
of the ﬁtting parameters and analysis result is presented in Table A.44. The large
χ2/NDF can be again addressed as the incorrect probability feeding to the 1.27-s β-
decaying isomer in 76Cu since decreasing the Pisomer in Table A.44 will decrease the
χ2/NDF as well as the discrepancy between the β-decay half-lives deduced with and
without γ-ray coincidence.
A.5.4 Half-life of
77
Ni
The decay curve gated by β-γ peaks of 77Ni was obtained under the condition Eq. (A.1),
in which the PID gate was determined based on the histograms of velocity between the
F7 and F11 focal planes of 77Ni exhibited in Fig. A.75. According to Fig. A.76(a),
which shows the portions of β-γ spectra within 100 milliseconds after implantations,
two relatively intense γ peaks were utilized to deduce the β-decay half-life of 77Ni.
Time distributions of corresponding γ peaks are presented in Fig. A.76(b), from which
the half-lives were deduced and listed in Table A.45. A weighted average value of
T1/2 = 158.9± 4.2 ms is obtained as the half-life of 77Ni, being slightly longer than the
literature reported in Ref. [60].
The total decay curve of 77Ni built without γ-ray coincidence was constructed by
the condition Eq. (A.2) within four seconds after the implantations of 77Ni. The decay
chains including 77Ni→76−77Zn were taken into consideration to ﬁt the decay curve
plotted in Fig. A.74. Similarly to the half-life determination of 76Ni, a branching ratio
50(50)% feeding to the β-decaying isomer in 76Cu was assumed in the βn-decay channel
of 77Ni. Besides, the half-lives of 76Cu and 76−77Zn were taken from the literature in
Ref. [68] while the γ-ray coincident half-life from this work was adopted for 77Cu as the
parameter in the ﬁtting analysis. The Pn value of
77Cu was obtained as 30(20)%, which
is the same as the one involved in the half-life determination of 77Cu. An experimental
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Fig. A.75: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 77Ni implanted in each layer of silicon
detector. The gate is drawn in red line.
Table A.45: Half-life of 77Ni obtained in coincidence with the γ rays drawn in
Fig. A.76. The final result is obtained from the weighted average of the γ-ray
coincident half-lives listed in this table. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
830.5 156.9 ± 8.9
945.5 159.4 ± 4.7
weighted avg: 158.9 ± 4.2 128 +36−32
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Fig. A.76: Left: Portion of β-γ spectra showing the γ ray for the half-life deter-
mination of 77Ni. Right: β-decay curve of 77Ni built in coincidence with the γ ray
exhibited on the left.
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Fig. A.77: Fitted decay curve of 77Ni showing from 0 to 4 seconds. A half-life of
T1/2 = 166.1 ± 10.1 ms was obtained for 77Ni by fitting the decay curve.
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Table A.46: Summary of fitting parameters for 77Ni, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
77Ni) 30% ± 25%∗ literature [60]
T1/2(
77Cu) 476.8 ms ± 3.4 ms measured
Pn(
77Cu) 30% ± 20%∗ literature [121]
T1/2(
77Zn)(ground) 2.08 s ± 0.03 s literature [68]
T1/2(
77Zn)(isomer) 1.05 s ± 0.01 s literature [68]
Pisomer(
77Zn) 20% ± 10%∗ literature [121]
T1/2(
76Cu)(ground) 637 ms ± 7 ms literature [68]
T1/2(
76Cu)(isomer) 1.27 s ± 0.3 s literature [68]
Pisomer(
76Cu) 50% ± 50%∗ assumption
T1/2(
76Zn) 5.7 s ± 0.3 s literature [68]
T1/2(
77Ni) 166.1 ms ± 10.1 ms χ2/NDF = 1.048
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Fig. A.78: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 78Ni implanted in each layer of silicon
detector. The gate is drawn in red line.
branching ratio of 30(25)% was taken from Ref. [60] as the Pn value of
77Ni. The
resultant β-decay half-life of 77Ni is T1/2 = 166.1 ± 10.1, which well consists with the
half-life deduced in coincidence with γ peaks from this work. Compared with literature,
a better reliability is provided by this work because of the stronger implantation rate
of 77Ni. A summary of the ﬁtting parameters and analysis result is presented in Table
A.46.
A.5.5 Half-life of
78
Ni
Velocity distributions between the F7 and F11 focal planes for 78Ni implanted in each
silicon stopper are drawn in Fig. A.78. Based on the distributions, the PID gate shown
in the red lines was deﬁned and applied to the implanted 78Ni to build the decay curve
of 78Ni. With the γ-ray conincident condition Eq. (A.1), four γ peaks with strong
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Fig. A.79: Left: Portion of β-γ spectra showing the γ rays for the half-life
determination of 78Ni. Right: β-decay curve of 78Ni built in coincidence with
the γ ray exhibited on the left.
intensities in the β-γ spectra of 78Ni were involved in the half-life determination. Por-
tions of β-γ spectra and the γ-ray coincident decay curves were drawn in the left and
right columns of Figs. A.79−A.80, respectively. Fitting the decay curves with a sin-
gle exponential function plus a constant background, the half-lives obtained in coinci-
dence with γ rays were listed in Table A.47, from which a weighted average half-life
of T/12 = 122.2 ± 5.1 ms was deduced for 78Ni. The half-life such deduced well agrees
with the ﬁrst half-life measurement of 78Ni at MSU in 2005 [59] but a much smaller
uncertainty was achieved by this work because of the much stronger implantation rate
of 78Ni nuclei than that in the previous experiment.
In order to measure the β-decay half-life without γ-ray information of 78Ni, a
condition
PID ∩ ∆z = 0 ∩ ∆xy ≤ 1.5 (A.11)
was applied to build the decay curve within four seconds after the implantations of
78Ni, which is presented in Fig. A.81. To ﬁt the decay curve, contributions from the
decay chains 78Ni→77−78Zn were included to construct ﬁtting function for the half-life
determination, The half-lives of 77−78Zn were taken from the literature in Ref. [68] as
input parameters for the ﬁtting function together with the γ-ray coincident half-lives of
77−78Cu deduced by this work. As discussed in the half-life determinations of 77−78Cu,
the branching ratio feeding to the β-decaying isomer in 77Zn do aﬀect the half-life
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Fig. A.80: The same as Fig. A.80.
Table A.47: Half-life of 78Ni obtained in coincidence with the γ rays drawn in
Figs. A.79−A.80. The final result is obtained from the weighted average of the γ-
ray coincident half-lives listed in this table. The literature is taken from Ref. [59].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
79.5 124.5 ± 8.5
156.5 119.5 ± 7.5
283 113.6 ± 16.7
984.5 141.0 ± 19.9
weighted avg: 122.2 ± 5.1 110 +100−60
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Fig. A.81: Fitted decay curve of 78Ni showing from 0 to 4 seconds. A half-life of
T1/2 = 122.7 ± 4.8 ms was obtained for 78Ni by fitting the decay curve.
Table A.48: Summary of fitting parameters for 78Ni, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
78Ni) 45% ± 20%∗ calculated [105, 113]
T1/2(
78Cu) 330.7 ms ± 0.1 ms measured
Pn(
78Cu) 50% ± 20%∗ literature [60, 61]
T1/2(
78Zn) 1.47 s ± 0.15 s literature [68]
T1/2(
77Cu) 476.8 ms ± 3.4 ms measured
Pn(
77Cu) 30% ± 20%∗ literature [121]
T1/2(
77Zn)(ground) 2.08 s ± 0.03 s literature [68]
T1/2(
77Zn)(isomer) 1.05 s ± 0.01 s literature [68]
Pisomer(
77Zn) 50% ± 50%∗ assumption
T1/2(
78Ni) 122.7 ms ± 4.8 ms χ2/NDF = 1.070
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Fig. A.82: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 79Ni implanted in each layer of silicon
detector. The gate is drawn in red line.
obtained for 78Ni, which can populate the isomer in the decay chains 78Ni→77Zn→77Zn
or 78Ni→78Zn→77Zn. Thus, the branching ratios 30(10)% and 10(10)% feeding to the
isomer via 77−78Cu→77Zn were adopted for the half-life determination in this analysis.
The Pn values of
77−78Cu were taken from Tables A.29andA.31, respectively. The Pn
value of 78Ni was ﬁxed as 45(20)% as both Refs. [105,113] predict similar Pn values for
78Ni. By ﬁxing the central value and relative uncertainty for all the parameters, a χ2
ﬁtting to the decay curve in Fig. A.81 gives T1/2 = 122.7± 4.8 ms for 78Ni. Compared
with the results in Table A.47, the result obtained without γ-ray information is in good
agreements with both the γ-ray coincident half-life of this work and the literature in
Ref. [59]. A summary of the ﬁtting parameters and analysis result is presented in Table
A.48.
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Fig. A.83: Fitted decay curve of 79Ni showing from 0 to 2 seconds. A half-life of
T1/2 = 43.0
+8.5
−7.4 ms was obtained for
79Ni by fitting the decay curve.
Table A.49: Summary of fitting parameters for 79Ni, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
79Ni) 60% ± 20%∗ calculated [105, 113]
T1/2(
79Cu) 241.3 ms ± 2.1 ms measured
Pn(
79Cu) 72% ± 20%∗ literature [60]
T1/2(
79Zn) 995 ms ± 19 ms literature [68]
T1/2(
78Cu) 330.7 ms ± 0.1 ms measured
Pn(
78Cu) 50% ± 20%∗ literature [60, 61]
T1/2(
78Zn) 1.47 s ± 0.15 s literature [68]
T1/2(
77Zn)(ground) 2.08 s ± 0.03 s literature [68]
T1/2(
77Zn)(isomer) 1.05 s ± 0.01 s literature [68]
Pisomer(
77Zn) 50% ± 50%∗ assumption
T1/2(
79Ni) 43.0 ms −7.4 ∼ +8.5 ms MLH ratio = 1.23
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Half-life of 79Ni
One of the main goal of this work is for the ﬁrst time measuring the β-decay half-
lives beyond 78Ni. The condition employed to build the total decay curve of 79Ni is
Eq. (A.12), in which PID is the gate applied to the implanted 79Ni on their velocities
between the F3 and F7 focal planes as drawn in Fig. A.82.
PID ∩ ∆z = 0 ∩ ∆xy < 2.5 (A.12)
The resultant decay curve within 2 seconds after implantations is drawn in Fig. A.83
and ﬁtted by a decay function via unbinned MLH method. The decay function consists
of the decay chains 79Ni→78−79Zn as the βn- and β-decay channels of 79Ni. The half-
lives of 78−79Cu were taken from the γ-ray coincident half-lives obtained by this work
while the half-lives of 77−78Zn were adopted from the literature [68]. The Pn values of
78−79Cu employed in the half-life determination of 79Ni were the same as that involved
in the half-life determinations of 78−79Cu listed in Tables A.31 and A.33, respectively.
A Pn value of 60(20)% was assumed for
79Ni based on the theoretical calculations in
Refs. [105,113]. The ﬁnal result of β-decay half-life of 79Ni is obtained as T1/2 = 43.0
+8.5
−7.4
ms. A summary of the ﬁtting parameters and analysis result is presented in Table A.49.
A.5.6 Half-life of
80
Ni
In order to measure the β-decay half-life of 80Ni, all the implanted fragments identiﬁed as
80Ni were included in the analysis except for that implanted in the ﬁrst and last silicon
detectors. The corresponding PID gate is drawn in Fig. A.84. The total condition
applied to build the decay curve of 80Ni is Eq. (A.13), from which the resultant decay
curve is plotted in Fig. A.85.
PID ∩ ∆z ≤ 1 ∩ ∆xy < 2.5 (A.13)
In the ﬁtting analysis, the decay chains 80Ni→78Cu and 80Ni→79−80Zn were considered
as the β2n-, βn- and β-decay channels in the ﬁtting function of 80Ni. The half-lives of
78−80Cu and 80Zn were taken from the γ-ray coincident half-lives in this work while the
half-life of 79Zn was taken from the literature in Ref. [68]. Same Pn values of
78−80Cu as
the ones adopted in the half-life determinations of corresponding copper isotopes were
employed to ﬁt the decay curve of 80Ni. For the Pn values of
80Ni, Ref. [113] gives
a prediction of Pn = 80% while Ref. [105] gives a Pn = 63% and a P2n = 13%. To
cover those theoretical predictions with a reasonable uncertainty, a Pn = 70(20)% and a
P2n = 10(10)% were assumed for
80Ni in the ﬁtting analysis. An unbinned MLH method
was applied to the analysis, with which the resultant half-life of 80Ni was obtained as
T1/2 = 23.9
+26.0
−17.2 ms. The large uncertainty included by the ﬁnal result was directly
caused by the low statistics of implanted 80Ni in the experiment. A summary of the
ﬁtting parameters and analysis result is presented in Table A.50.
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Fig. A.84: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 80Ni implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.85: Fitted decay curve of 80Ni showing from 0 to 1000 milliseconds. A
half-life of T1/2 = 23.9
+26.0
−17.2 ms was obtained for
80Ni by fitting the decay curve.
Table A.50: Summary of fitting parameters for 80Ni, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
80Ni) 70% ± 20%∗ calculated [105, 113]
P2n(
80Ni) 10% ± 10%∗ calculated [105, 113]
T1/2(
80Cu) 113.3 ms ± 6.4 ms measured
Pn(
80Cu) 60% ± 20%∗ calculated [105, 113]
T1/2(
80Zn) 562.2 ms ± 3.0 ms measured
T1/2(
79Cu) 241.3 ms ± 2.1 ms measured
Pn(
79Cu) 72% ± 20%∗ literature [60]
T1/2(
79Zn) 995 ms ± 19 ms literature [68]
T1/2(
78Cu) 330.7 ms ± 0.1 ms measured
Pn(
78Cu) 50% ± 20%∗ literature [60, 61]
T1/2(
78Zn) 1.47 s ± 0.15 s literature [68]
T1/2(
79Ni) 23.9 ms −17.2 ∼ +26.0 ms MLH ratio = 0.87
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Fig. A.86: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 72Co implanted in each layer of silicon
detector. The gate is drawn in red line.
A.6 27Co isotope
The cobalt (Z = 27) isotopes with A = 72− 77 were produed by the in-ﬂight ﬁssion of
238U and implanted into WAS3ABi during the experiment. The high beam intensity at
RIBF make it possible to measure the β-decay half-lives of 76−77Co for the ﬁrst time.
The half-lives of 72−75Co were remeasured by this experiment with smaller uncertainties
compared with literature.
A.6.1 Half-life of
72
Co
Histograms of velocity between the F7 and F11 focal planes for 72Co stopped in each
layer of silicon detectors are presented in Fig. A.86. Unlike previous discussions, the
PID gate for 72Co was applied only to the low-velocity 72Co implanted in DSSSD #8.
This condition was determined based on the fact that the high-velocity fragments had
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Fig. A.87: Left: Portion of β-γ spectra showing the γ rays for the half-life
determination of 72Co. Right: β-decay curve of 72Co built in coincidence with
the γ ray exhibited on the left.
stronger probability penetrating all the DSSSDs rather than being stopped in the last
silicon detector. With the PID gate deﬁned in Fig. A.86, the condition applied for
building the γ-ray coincident decay curve of 72Co is written as Eq. (A.1). Four β-
γ peaks at 454.5, 842.5, 1095, and 1194 keV, which correspond to the deexcitations
6+ → 4+, 4+ → 2+, 2+ → 0+, and (5−, 6−, 7−) → 6+, respectively, in 72Ni [68] were
chosen asG(γ) in the condition Eq. (A.1) for the half-life determination. The β-γ spectra
focusing on each γ peak are drawn in Figs. A.87(a)−A.88(a) while the corresponding
time distributions of the γ peaks are drawn in Figs. A.87(b)−A.88(b). To summarize
the ﬁtting analysis, The half-lives obtained in coincidence with respective γ ray and a
weighted average value are listed in Table A.51. Compared to the literature in Ref. [68],
a slightly shorter half-life was suggested by this work for 72Co.
The total decay curve of 72Co within 2000 milliseconds after implantations was built
under the condition Eq. (A.2) with the same PID gate shown in Fig. A.86. A decay
function consisting of the β decays from 72Co, 71−72Ni, and 71−72Cu was constructed to ﬁt
the decay curve presented in Fig. A.89. Half-lives of known nuclides were directly taken
from the literature in Ref. [68]. A β-decaying isomer, 1/2−, in 71Ni was also taken into
account even though the ﬁnal result manifested a weak dependence between the half-
life of 72Co and the probability feeding to the isomer (Pisomer) from a βn decay of
72Co.
This is reasonable because of the similar half-lives between the 2.3-second β-decaying
isomer and the 2.6-second ground state in 71Ni as well as the weak braching ratio of
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Fig. A.88: The same as Fig. A.87.
Table A.51: Half-life of 72Co obtained in coincidence with the γ rays drawn
in Figs. A.87−A.88. The final result is obtained from the weighted average of the
γ-ray coincident half-lives listed in this table. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
454.5 β decay 50.9 ± 1.1
842.5 β decay 54.0 ± 1.1
1095 β decay 51.7 ± 0.9
1194 β decay 53.8 ± 1.6
weighted avg: 52.8 ± 0.6 59.9 ± 1.7
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Fig. A.89: Fitted decay curve of 72Co showing from 0 to 2000 milliseconds. A
half-life of T1/2 = 52.8 ± 0.9 ms was obtained for 72Co by fitting the decay curve.
Table A.52: Summary of fitting parameters for 72Co, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
72Co) 10% ± 20%∗ calculated [105]
T1/2(
72Ni) 1.57 s ± 0.05 s literature [68]
T1/2(
72Cu) 6.63 s ± 0.03 s literature [68]
T1/2(
71Ni)(ground) 2.56 s ± 0.03 s literature [68]
T1/2(
71Ni)(isomer) 2.3 s ± 0.3 s literature [68]
Pisomer(
71Ni) 50% ± 50%∗ assumption
T1/2(
71Cu) 19.4 s ± 1.6 s literature [68]
T1/2(
72Co) 52.8 ms ± 0.9 ms χ2/NDF = 1.151
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Fig. A.90: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 73Co implanted in each layer of silicon
detector. The gate is drawn in red line.
βn-decay channel compared to the β-decay channel in 72Co. A lower limit of Pn value,
> 6(2)%, was preliminarily reported in Ref. [125] for 72Co. Since no more literature
is available so far, a theoretical Pn value of 10% from Ref. [105] with an uncertainty
of −10% ∼ +20% was assumed for 72Co, which consisted with the experimental lower
limit and the fact that only γ rays from deexcitations of 72Ni were strongly populated
in a β decay of 72Co during this experiment. The resultant half-life deduced by the χ2
ﬁtting is T1/2 = 52.8±0.9 ms, which well agrees with the γ-ray coincident half-life listed
in Table A.51. A summary of the ﬁtting parameters and analysis result is presented in
Table A.52.
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Table A.53: Half-life of 73Co obtained in coincidence with the γ rays drawn
in Figs. A.91−A.92. The final result is obtained from the weighted average of the
γ-ray coincident half-lives listed in this table. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
239 β decay 40.5 ± 0.4
284.5 β decay 40.5 ± 0.5
523.5 β decay 39.6 ± 1.0
774.5 β decay 40.6 ± 0.6
1095 βn decay 39.4 ± 1.2
weighted avg: 40.4 ± 0.3 41 ± 4
A.6.2 Half-life of
73
Co
The PID gate imposed on the velocities of implanted 73Co is drawn in Fig. A.90. Similar
to the case of 72Co, not full statistics but only low-velocity fragments stopped in the last
silicon detector were considered in the analysis together with that stopped in DSSSD #
7. The total condition employed to build the decay curve gated by β-γ peaks of 73Co is
written in Eq. (A.1). Figures A.91−A.92 show the β-γ spectra of 73Co together with the
time distributions of the γ peaks involved in the half-life determination. According to
Ref. [126], the γ-ray transitions at 239, 284.5, 523.5 and 774.5 keV were assigned to the
transitions (7/2+)→ (9/2+), (5/2+)→ (7/2+), (5/2+)→ (9/2+) and (5/2−)→ (5/2+),
respectively, in 73Ni whereas the 1095-keV γ peak was assigned to the 2+ → 0+ transition
in 72Ni, which was also observed in the β-γ spectrum of 72Co. As a summary, the half-
lives measured in coincidence with respective γ peak are listed in Table A.53 together
with a weighted average value of 40.3±0.3 ms. According to the table, the half-life such
obtained for 73Co is well consistent with the T1/2 = 41.0±4.0 ms from the literature [68].
The total decay curve of 73Co obtained under the condition Eq. (A.2) was presented
in Fig. A.93. The ﬁtting function for the half-life determination includes the decay
chains 73Co→72−73Cu, which were regarded as the βn- and β-decay channels of 73Co,
respectively. In the ﬁtting analysis, the half-lives of 72−73Ni and 72−73Cu were directly
taken from the literature available in Ref. [68]. For the Pn value of
73Co, Ref. [60]
reported an upper limit of< 7.9% while a lower limit was reported as> 9% by Ref. [125].
Thus, a Pn = 10% was assumed for
73Co with an uncertainty of −10% ∼ +20%. Then
the β-decay half-life of 73Co is obtained by the χ2 ﬁtting to the decay curve, of which
the result, T1/2 = 41.2± 0.7 ms, well consists with the γ-ray coincident half-life as well
as the literature presented in Table A.53. A summary of the ﬁtting parameters and
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Fig. A.91: Left: Portion of β-γ spectra showing the γ rays for the half-life
determination of 73Co. Right: β-decay curve of 73Co built in coincidence with
the γ ray exhibited on the left.
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Fig. A.92: The same as Fig. A.91.
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Fig. A.93: Fitted decay curve of 73Co showing from 0 to 2000 milliseconds. A
half-life of T1/2 = 41.2 ± 0.7 ms was obtained for 73Co by fitting the decay curve.
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Table A.54: Summary of fitting parameters for 73Co, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
73Co) 10% ± 20%∗ literature [60, 125]
T1/2(
73Ni) 840 ms ± 30 ms literature [68]
T1/2(
73Cu) 4.2 s ± 0.3 s literature [68]
T1/2(
72Ni) 1.57 s ± 0.05 s literature [68]
T1/2(
72Cu) 6.63 s ± 0.03 s literature [68]
T1/2(
73Co) 41.2 ms ± 0.7 ms χ2/NDF = 0.968
analysis result is presented in Table A.54.
A.6.3 Half-life of
74
Co
Half-life determination for 74Co included the fragments implanted in DSSSDs #6 − 8.
According to the stopping-range distribution in Fig. A.94, implantation depth of 74Co
shifted from the last silicon detector backward to DSSSDs #6 − 7 compared with the
cases of 72−73Co, implying a much reduced probability for 74Co penetrating all the
DSSSDs before being stopped. Therefore, the PID gate drawn in Fig. A.94 included
not only the low-velocity but also high-velocity fragments stopped in the last DSSSD
to enhance the statistics in the analysis. The total condition constructed for the γ-ray
coincident decay curves of 74Co is expressed as Eq. (A.1). The β-γ spectra focusing at
the γ peaks involved in the half-life determination were exhibited in Figs. A.95−A.96
together with the time distributions of the γ peaks. The γ-ray transitions at 738.5 and
1024 keV were previously assigned to the 4+ → 2+ and 2+ → 0+ transitions in 74Ni [40]
while the others have not been reported by any experiment yet. The experimental result
of T1/2 = 31.6±0.5ms, which is obtained by ﬁtting the decay curves in Figs. A.95−A.96,
is well consistent with the half-lives reported in Refs. [40, 60].
The total decay curve of 74Co built under the condition Eq. (A.2) was presented
in Fig. A.97. The ﬁtting function included the 74Co→73−74Cu decay chains as the βn-
and β-decay channels of 74Co. The half-lives of 73−74Cu and 73Ni were taken from the
literature [68] while the γ-ray coincident half-life from this work was adopted for 74Ni.
To estimate the Pn value of
74Co for ﬁtting analysis, two previous experimental works
were taken into account. Reference [60] reportet a Pn = 18(15)% while the experimental
result in Ref. [40] was Pn ≥ 26%. To cover the divergence, a Pn value of 25% with a
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Fig. A.94: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 74Co implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.95: Left: Portion of β-γ spectra showing the γ rays for the half-life
determination of 74Co. Right: β-decay curve of 74Co built in coincidence with
the γ ray exhibited on the left.
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Fig. A.96: The same as Fig. A.95.
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Fig. A.97: Fitted decay curve of 74Co showing from 0 to 2000 milliseconds. A
half-life of T1/2 = 31.2 ± 0.7 ms was obtained for 74Co by fitting the decay curve.
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Table A.55: Half-life of 74Co obtained in coincidence with the γ rays drawn
in Figs. A.95−A.96. The final result is obtained from the weighted average of the
γ-ray coincident half-lives listed in this table. The literature is taken from Ref. [40].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
402.5 29.4 ± 1.4
616.5 32.1 ± 1.8
738.5 β decay 33.6 ± 1.1
1024.5 β decay 31.5 ± 1.0
1080.5 29.2 ± 1.6
1150.5 32.2 ± 1.4
weighted avg: 31.6 ± 0.5 30 ± 3
Table A.56: Summary of fitting parameters for 74Co, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
74Co) 25% ± 20%∗ literature [40, 60]
T1/2(
74Ni) 507.7 ms ± 4.6 ms measured
T1/2(
74Cu) 1.594 s ± 0.01 s literature [68]
T1/2(
73Ni) 840 ms ± 30 ms literature [68]
T1/2(
73Cu) 4.2 s ± 0.3 s literature [68]
T1/2(
74Co) 31.2 ms ± 0.7 ms χ2/NDF = 0.926
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Fig. A.98: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 75Co implanted in each layer of silicon
detector. The gate is drawn in red line.
±20% uncertainty was assumed for 74Co. The half-life such obtained for 74Co gives
T1/2 = 31.2±0.7 ms, which is well consistent with the half-lives obtained from both the
γ-ray coincident decay curve in this work and the literature reported in Refs. [40, 60].
A summary of the ﬁtting parameters and analysis result is presented in Table A.56.
A.6.4 Half-life of
75
Co
To deduce the half-life of 75Co in coincident with γ rays, condition Eq. (A.1) was em-
ployed to build the decay curve with the PID gate shown as the red lines in Fig. A.98.
The decay curves gated by four β-γ peaks are presented in Figs. A.99−A.100 with the
corresponding half-lives listed in Table A.57. The β decay followed by a γ-ray emission
at 1025 keV was assigned to the βn-decay channel of 75Co because the γ ray was previ-
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Fig. A.99: Left: Portion of β-γ spectra showing the γ rays for the half-life
determination of 75Co. Right: β-decay curve of 75Co built in coincidence with
the γ ray exhibited on the left.
ously identiﬁed as the E2 transition 2+ → 0+ in 74Ni [68] which was also observed in the
β-γ spectrum of 74Co. According to Table A.57, an weighted mean value of 26.5±1.2
ms was obtained as the half-life of 75Co, which well agrees with the value from the
literature [60].
The total decay curve of 75Co without γ-ray coincidence was constructed by the
condition Eq. (A.2). To ﬁt the resultant decay curve shown in Fig. A.101, both the
βn- and β-decay channels were considered in the decay function of 75Co by including
the decay chains 75Co→74−75Cu. In the decay chains, the half-lives of 74−75Ni were
adopted from the γ-ray coincident half-lives of this work. Since no measurements for
74−75Cu were available from this experiment, the half-lives of those nuclides were taken
from the literature in Ref. [68]. A Pn value of 20(20)% was assumed for
75Co based on
the theoretical calculation in Ref. [105]. The ﬁtting analysis to the decay curve gives
T1/2 = 25.9± 1.1 ms for 75Co. According to Table A.57, a good agreement between the
half-lives obtained with and without γ-ray coincidence was achieved by this work. A
summary of the ﬁtting parameters and analysis result is presented in Table A.58.
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Fig. A.100: The same as Fig. A.99.
Table A.57: Half-life of 75Co obtained in coincidence with the γ rays drawn in
Figs. A.99−A.100. The final result is obtained from the weighted average of the
γ-ray coincident half-lives listed in this table. The literature is taken from Ref. [60].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
231.5 26.9 ± 1.5
891 26.6 ± 4.1
1025 βn decay 25.1 ± 2.9
1632.5 26.1 ± 3.1
weighted avg: 26.5 ± 1.2 30 ± 11
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Fig. A.101: Fitted decay curve of 75Co showing from 0 to 1000 milliseconds. A
half-life of T1/2 = 25.9 ± 1.1 ms was obtained for 75Co by fitting the decay curve.
Table A.58: Summary of fitting parameters for 75Co, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
75Co) 20% ± 20%∗ calculated [105]
T1/2(
75Ni) 331.6 ms ± 3.2 ms measured
T1/2(
75Cu) 1.222 s ± 0.008 s literature [68]
T1/2(
74Ni) 507.7 ms ± 4.6 ms measured
T1/2(
74Cu) 1.594 s ± 0.01 s literature [68]
T1/2(
75Co) 25.9 ms ± 1.1 ms χ2/NDF = 1.046
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Fig. A.102: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 76Co implanted in each layer of silicon
detector. The gate is drawn in red line.
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Table A.59: Half-life of 76Co obtained in coincidence with the γ rays drawn in
Fig. A.103. The final result is obtained from the weighted average of the γ-ray
coincident half-lives listed in this table.
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
355.5 β decay 24.7 ± 5.1
990.5 β decay 13.4 ± 3.8
weighted avg: 17.4 ± 3.0
A.6.5 Half-life of
76
Co
By applying the PID gate drawn as red lines in Fig. A.102 to the implanted 76Co,
fragments stopped in DSSSDs #4 − 8 with reasonable velocities between the F7 and
F11 focal planes were involved in the half-life determination. To increase the statistics
of analysis, the γ-ray coincident decay curve of 76Co was built by a condition
PID ∩ ∆z ≤ 1 ∩ ∆xy < 2.5 ∩ G(γ), (A.14)
with a large spatial correlation between an implanted fragment and a subseqent β par-
ticle. In the condition, two γ-ray transitions at 355.5 and 990.5 keV, which correspond
to the E2 transitions 6+ → 4+ and 2+ → 0+ in 76Ni [68], were involved as G(γ) to
construct the γ-ray coincident decay curves of 76Co, which are shown in Fig. A.103(b).
Fitting results of respective decay curves are presented in Table A.59 together with a
weighted mean half-life of T1/2 = 17.4 ± 3.0 ms deduced for 76Co. Note that in Table
A.59, the half-lives obtained in coincidence with γ peaks at 355.5 and 990.5 keV are
slightly diﬀerent (a factor of two) from each other, indicating a possible β-decaying
isomer in 76Co as that systematically discovered in the odd-odd 68,70Co isotopes [127].
However, it is diﬃcult to unambiguously verify the isomer in the present experimental
result because of the relatively short half-lives of the two γ peaks compared with the
large statistical error bar.
The total decay curve of 76Co is plotted in Fig. A.104 with a condition
PID ∩ ∆z = 0 ∩ ∆xy ≤ 2. (A.15)
The βn- and β-decay channels were taken into account by considering the decay chains
76Co→75−76Cu in the ﬁtting function to derive the β decay half-life of 76Co. The half-
lives of 75−76Ni were taken from the γ-ray coincident half-lives deduced in this work
while the half-lives of 75−76Cu were taken from the literature [68]. Due to the lack of
experimental data, a branching ratio of Pn = 25(20)% was assumed for
76Co based
on theoretical prediction in Ref. [105]. The half-life such obtained for 76Co is T1/2 =
A.6. 27CO ISOTOPE 233
E (keV)
320 340 360 380
Co
un
ts 
/ k
eV
0
5
10
355.5
E (keV)
960 980 1000 1020 1040
Co
un
ts 
/ k
eV
0
5
10
990.5
(a)
0 100 200 300 400
Co
un
ts 
/ 2
0 
m
s
-110
1
10 Co - 355.5 keV76
Time (ms)
0 100 200 300 400
Co
un
ts 
/ 2
0 
m
s
1
10 Co - 990.5 keV
76
(b)
Fig. A.103: Left: Portion of β-γ spectra showing the γ rays for the half-life
determination of 76Co. Right: β-decay curve of 76Co built in coincidence with the
γ ray exhibited on the left.
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Fig. A.104: Fitted decay curve of 76Co showing from 0 to 1000 milliseconds. A
half-life of T1/2 = 17.1 ± 2.1 ms was obtained for 76Co by fitting the decay curve.
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Table A.60: Summary of fitting parameters for 76Co, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
76Co) 25% ± 20%∗ calculated [105]
T1/2(
76Ni) 234.6 ms ± 1.7 ms measured
T1/2(
76Cu)(ground) 637 ms ± 7 ms literature [68]
T1/2(
76Cu)(isomer) 1.27 s ± 0.3 s literature [68]
Pisomer(
76Cu) 50% ± 50%∗ assumption
T1/2(
75Ni) 331.6 ms ± 3.2 ms measured
T1/2(
75Cu) 1.222 s ± 0.008 s literature [68]
T1/2(
76Co) 17.1 ms ± 2.1 ms χ2/NDF = 1.162
17.6± 1.5 ms, which located intermediately between the half-lives of two γ peaks listed
in Table A.59 and well consisted with the weighted mean value of the γ-ray coincident
half-lives. A summary of the ﬁtting parameters and analysis result is presented in Table
A.60.
A.6.6 Half-life of
77
Co
Figure A.105 presents the distributions of velocity between the F7 and F11 focal planes
for 77Co stopped in silicon detectors. As the most exotic cobalt isotope implanted in
DSSSDs, there was no γ peak available in the β-γ spectrum to determine the β-decay
half-life. The condition applied to deduce the half-life without γ-ray coincidence is
PID ∩ ∆z = 0 ∩ ∆xy < 2.5, (A.16)
in which the PID gate was drawn as red lines in Fig. A.105. As shown in Fig. A.106, the
decay curve of 77Co built with Eq. (A.16) was ﬁtted by a decay function consisting of
the decay chains 77Co→76−77Cu, in which the half-lives of 76−77Ni and 77Cu were taken
from the γ-ray coincident half-life deduced by this work whereas the half-life of 76Cu
were taken from the literature Ref. [68]. The Pn value of
77Co was assumed based on
the same theoretical work presented in Ref. [105], by which a Pn = 70% was predicted.
With the universal uncertainty of 20% for Pn values, the ﬁnal result of β-decay half-life
of 77Co is T1/2 = 13.0
+7.2
−4.3 ms, in which the uncertainty is dominated by the statistical
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Fig. A.105: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 77Co implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.106: Fitted decay curve of 77Co showing from 0 to 500 milliseconds. A
half-life of T1/2 = 13.0
+7.2
−4.3 ms was obtained for
77Co by fitting the decay curve.
Table A.61: Summary of fitting parameters for 77Co, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
77Co) 70% ± 20%∗ calculated [105]
T1/2(
77Ni) 158.9 ms ± 4.2 ms measured
Pn(
77Ni) 30% ± 20%∗ literature [60]
T1/2(
77Cu) 476.8 ms ± 3.4 ms measured
T1/2(
76Ni) 234.6 ms ± 1.7 ms measured
T1/2(
76Cu)(ground) 637 ms ± 7 ms literature [68]
T1/2(
76Cu)(isomer) 1.27 s ± 0.3 s literature [68]
Pisomer(
76Cu) 50% ± 50%∗ assumption
T1/2(
77Co) 13.0 ms −4.3 ∼ +7.2 ms MLH ratio = 0.9
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Table A.62: Half-life of 70Fe obtained in coincidence with the γ rays drawn in
Fig. A.108. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
273.5 65.9 ± 7.3 71 ± 10
uncertainty because of the low implantation rate of 77Co. A summary of the ﬁtting
parameters and analysis result is presented in Table A.61.
A.7 26Fe isotope
Due to the relationship between atomic number Z and stopping power dE/dx in Eq. (3.1),
fragments of iron isotopes (Z = 26) produced in the secondary beam can not be fully
utilized to investigate the β-decay half-lives in the experiment because part of the frag-
ments passed through all the silicon detectors before being stopped. In this work,
fraction of iron isotopes with mass number A = 70 − 74 were implanted into the last
a few DSSSDs from which the β-decay half-lives of 72−74Fe were deduced for the ﬁrst
time.
A.7.1 Half-life of
70
Fe
The histograms of velocity between the F3 and F7 focal planes for 70Fe implanted in
silicon detectors are presented in Fig. A.107. Rather than including all the implantations
in the last silicon detector, the PID gate accepted only fragments with relatively low
velocity in the condition Eq. (A.1) to avoid misidentiﬁcation in the stopping range of
heavy ions penetrating all the DSSSDs. The modiﬁed PID gate is drawn as the red
lines in Fig. A.107. Only one γ-ray transition at 273.5 keV was selected as G(γ) in
Eq. (A.1) to build the decay curve of 70Fe. The β-γ spectrum focusing on the γ peak
is plotted in Fig. A.108 together with the time distribution of the γ decay relative to
the implantations of 70Fe. As presented in Table A.62, the half-life obtained by ﬁtting
the γ-ray coincident decay curve is 65.9± 7.3 milliseconds, which reasonablely consists
with the literature in Ref. [68].
To deduce the β-decay half-life without γ-ray coincidence, condition Eq. (A.17)
was applied to the β particles detected following the implantations of 70Fe.
PID ∩ ∆z = 0 ∩ ∆xy ≤ 1.5. (A.17)
The βn- and β-decay channels of 70Fe were considered by accounting the decay chains
70Fe→69−70Ni when ﬁtting the decay curve drawn in Fig. A.109. All the known half-
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Fig. A.107: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 70Fe implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.108: Left: Portion of β-γ spectrum showing the γ ray for the half-life
determination of 70Fe. Right: β-decay curve of 70Fe built in coincidence with the
γ ray exhibited on the left.
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Fig. A.109: Fitted decay curve of 70Fe showing from 0 to 2000 milliseconds. A
half-life of T1/2 = 58.5
+11.5
−9.8 ms was obtained for
70Fe by fitting the decay curve.
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Table A.63: Summary of fitting parameters for 70Fe, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
70Fe) 70% ± 20%∗ calculated [105]
T1/2(
70Co)(ground) 108 ms ± 7 ms literature [68]
T1/2(
70Co)(isomer) 500 ms ± 180 ms literature [68]
Pisomer(
70Co) 50% ± 50%∗ assumption
T1/2(
70Ni) 6.0 s ± 0.3 s literature [68]
T1/2(
69Co) 229 ms ± 24 ms literature [68]
T1/2(
69Ni)(ground) 11.2 s ± 0.9 s literature [68]
T1/2(
69Ni)(isomer) 3.5 s ± 0.9 s literature [68]
Pisomer(
69Cu) 50% ± 50%∗ assumption
T1/2(
70Fe) 58.5 ms −9.8 ∼ +11.5 ms χ2/NDF = 1.206
A.7. 26FE ISOTOPE 241
Table A.64: Half-life of 71Fe obtained in coincidence with the γ ray drawn in
Fig. A.111. The literature is taken from Ref. [68].
γ-ray energy Decay channel T1/2 (ms) T1/2 (ms)
(keV) from this work from literature
915.5 34.7 ± 3.6 28 ± 5
lives were obtained from the literature [68] except for 70Fe. In the daughter nuclide 70Co
produced by the β decay of 70Fe, two β-decaying states were considered in the half-life
determination: the ground-state which with a half-life of 108±7 ms and the isomeric
3+ state with a half-life of 500±180 ms. From a β decay of 70Fe, the branching ratios
feeding to those two states are experimentally unknown. To estimate the upper and
lower limits of the β-decay half-life determined for 70Fe, a probability of 50(50)% feeding
to the isomeric 3+ state in 70Co was incorporated into the ﬁtting analysis. Besides, the
Pn value of
70Fe was estimated based on the theoretical prediction in Ref. [105] with
an additional ±20% uncertainty. The result of ﬁtting analysis to the decay curve in
Fig. A.109 gives T1/2 = 58.5
+11.5
−9.8 ms for
70Fe. The large positive error bar emerging in
the result originates from the uncertainty in the branching ratio to the isomeric 3+ state
in 70Co. Taking into account the positive error bar, the result obtained without γ-ray
coincidence is reasonably consistent with both the γ-ray coincident result listed in Table
A.62 and the literature reported in Ref. [68]. A summary of the ﬁtting parameters and
analysis result is presented in Table A.63. It is noteworthy that the χ2/NDF=1.206 can
be decreased when increasing the probability feeding to the 500-ms β-decaying isomer
in 70Co.
A.7.2 Half-life of
71
Fe
The distributions of velocity between the F7 and F11 focal planes for 71Fe stopped
in each layer of silicon detector are presented in Fig. A.110. Similar to 70Fe, only low-
velocity fragments stopped in the last DSSSD were accepted in the analysis by imposing
a PID gate (drawn in Fig. A.110) to the implanted 71Fe. Equation (A.1) was employed
to construct the decay curve of 71Fe in coincidence with the 915.5-keV γ ray. The β-γ
spectrum focusing on the 915.5-keV γ peak is drawn in Fig. A.111(a) while the time
distribution of the γ-peak relative to implantations is presented in Fig. A.111(b). As
listed in Table A.64, a half-life of T1/2 = 34.7 ± 3.6 ms was obtained by ﬁtting the
decay curve with a single exponential decay function plus a constant background. A
reasonable consistency was achieved for 71Fe between the γ-ray coincident half-life and
the literature from Ref. [68].
To determine the β-decay half-life without γ-ray coincidence, the condition Eq. (A.18)
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Fig. A.110: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 71Fe implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.111: Left: Portion of β-γ spectrum showing the γ ray for the half-life
determination of 71Fe. Right: β-decay curve of 71Fe built in coincidence with the
γ ray exhibited on the left.
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Fig. A.112: Fitted decay curve of 71Fe showing from 0 to 2000 milliseconds. A
half-life of T1/2 = 35.6 ± 2.0 ms was obtained for 71Fe by fitting the decay curve.
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Table A.65: Summary of fitting parameters for 71Fe, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
71Fe) 20% ± 20%∗ calculated [105]
T1/2(
71Co) 80 ms ± 3 ms literature [68]
T1/2(
71Ni)(ground) 2.56 s ± 0.03 s literature [68]
T1/2(
71Ni)(isomer) 2.3 s ± 0.3 s literature [68]
Pisomer(
71Ni) 50% ± 50%∗ assumption
T1/2(
70Co)(ground) 108 ms ± 7 ms literature [68]
T1/2(
70Co)(isomer) 500 ms ± 180 ms literature [68]
Pisomer(
70Co) 50% ± 50%∗ assumption
T1/2(
70Ni) 6.0 s ± 0.3 s literature [68]
T1/2(
71Fe) 35.6 ms ± 2.0 ms χ2/NDF = 1.177
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Table A.66: Summary of fitting parameters for 72Fe, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
72Fe) 20% ± 20%∗ calculated [105]
T1/2(
72Co) 52.8 ms ± 0.6 ms measured
T1/2(
72Ni) 1.57 ms ± 0.05 ms literature [68]
T1/2(
71Co) 80 ms ± 3 ms literature [68]
T1/2(
71Ni)(ground) 2.56 s ± 0.03 s literature [68]
T1/2(
71Ni)(isomer) 2.3 s ± 0.3 s literature [68]
Pisomer(
71Ni) 50% ± 50%∗ assumption
T1/2(
72Fe) 16.9 ms ± 1.0 ms χ2/NDF = 1.063
was introduced to construct the decay curve of 71Fe, which is drawn in Fig. A.112.
PID ∩ ∆z = 0 ∩ ∆xy ≤ 1.5 (A.18)
The half-lives of 70−71Co and 70−71Ni, which involved in the decay chains 71Fe→70−71Ni,
were taken from the literature in Ref. [68]. Same as the half-life determination of
70Fe, The probability feeding to the β-decaying isomer, 3+, in 70Co, was assumed to be
50(50)% in the ﬁtting function for 71Fe. A Pn value of 20(20)% was estimated for
71Fe
based on the calculation in Ref. [105] due to the lack of experimental data. Because
of the small Pn value of
71Fe, the probability feeding to the isomer in 70Co from a βn
decay of 71Fe plays a less important role in the half-life determination of 71Fe compared
with that of 70Fe. The obtained result of β-decay half-life of 71Fe is T1/2 = 35.6 ± 2.0
ms, which is in a good agreement with γ-ray coincident result presented in Table A.64.
A summary of the ﬁtting parameters and analysis result is presented in Table A.65.
Similarly to 70Fe, the χ2/NDF=1.177 can be decreased when increasing the probability
feeding to the 500-ms β-decaying isomer in 70Co.
Half-life of 72Fe
Figure A.113 presents the velocity distributions between the F7 and F11 focal planes of
72Fe stopped in each layer of silicon detector. Since the momentum is anti-proportional
with A/Q value with an overall conserved Bρ value, the fragments of 72Fe started being
implanted into DSSSD #7, leading to a less probability of penetrating all the silicon
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Fig. A.113: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 72Fe implanted in each layer of silicon
detector. The gate is drawn in red line.
A.7. 26FE ISOTOPE 247
Time (ms)
0 100 200 300 400 500 600 700 800 900 1000
Co
un
ts 
/ 1
0 
m
s
1
10
210
310 Fe72-decay of β
Fig. A.114: Fitted decay curve of 72Fe showing from 0 to 1000 milliseconds. A
half-life of T1/2 = 16.9 ± 1.0 ms was obtained for 72Fe by fitting the decay curve.
detectors before being stopped. Thus, most of the 72Fe implanted in the last DSSSD
were included by the PID gate of analysis, as shown in Fig. A.113, for the half-life
determination of 72Fe. Because of the relatively low statistics of implanted 72Fe, no γ
peak in the β-γ spetrum was capable to build the γ-ray coincident decay curve in this
analysis. With the condition Eq. (A.19), the decay curve without γ-ray coincidence
within 1000 milliseconds after implantations is drawn in Fig. A.114.
PID ∩ ∆z = 0 ∩ ∆xy ≤ 1.5 (A.19)
To ﬁt the decay curve, a decay function including the decay chains 72Fe→71−72Ni were
constructed. The half-life of 72Co was obtained from the γ-ray coincident half-life de-
duced in this work while the half-lives of 71Co and 71−72Ni were available and taken
from Ref. [68] as literature. The βn branching ratio in a β decay of 72Fe was taken from
the theoretical calculation predicted in Ref. [105], which gave Pn = 20%. An universal
uncertainty of ±20% was included with the Pn value to estimate the systematic error
in the β-decay half-life of 72Fe. The ﬁnal result such obtained is T1/2 = 16.9 ± 1.0 ms,
which is well consistent with the literature of 19± 4 ms recently published in Ref. [99].
A summary of the ﬁtting parameters and analysis result is presented in Table A.66.
A.7.3 Half-life of
73
Fe
To deduce the β-decay half-life of 73Fe, a condition Eq. (A.20), in which PID is intro-
duced based on the velocity distribution in Fig. A.115, was applied to the analysis to
build the time distribution of β particles following the implantations of 73Fe.
PID ∩ ∆z ≤ 1 ∩ ∆xy < 2.5 (A.20)
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Fig. A.115: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 73Fe implanted in each layer of silicon
detector. The gate is drawn in red line.
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Fig. A.116: Fitted decay curve of 73Fe showing from 0 to 1000 milliseconds. A
half-life of T1/2 = 12.9 ± 1.6 ms was obtained for 73Fe by fitting the decay curve.
Table A.67: Summary of fitting parameters for 73Fe, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
73Fe) 35% ± 20%∗ calculated [105]
T1/2(
73Co) 40.4 ms ± 0.3 ms measured
T1/2(
73Ni) 840 ms ± 30 ms literature [68]
T1/2(
72Co) 52.8 ms ± 0.6 ms measured
T1/2(
72Ni) 1.57 ms ± 0.05 ms literature [68]
T1/2(
73Fe) 12.9 ms ± 1.6 ms χ2/NDF = 1.031
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Fig. A.117: Distribution of the stopping range and the PID gate on the velocity
between the F7 and F11 focal planes of 74Fe implanted in each layer of silicon
detector. The gate is drawn in red line.
A large spatial correlation between an implanted 73Fe and a subsequent β particle was
employed to overcome the low statistics of fragments. The function constructed to ﬁt
the decay curve took into account the βn- and β-decay channels of the parent nuclide by
including the decay chains 73Fe→72−73Ni. The half-lives of 72−73Co were taken from the
γ-ray coincident half-lives of this experiment due to the relatively smaller uncertainties
compared with previous measurement. The half-lives of 72−73Ni, which were not avail-
able by this experiment, were taken from the literature in Ref. [68]. Predicted Pn value
of 35% from ref. [105] was adopted for 73Fe in the half-life determination. The result
from the ﬁtting analysis to the decay curve in Fig. A.116 gives T1/2 = 12.9± 1.6 ms for
73Fe.
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Fig. A.118: Fitted decay curve of 74Fe showing from 0 to 500 milliseconds. A
half-life of T1/2 = 8.2
+2.6
−7.1 ms was obtained for
74Fe by fitting the decay curve.
Table A.68: Summary of fitting parameters for 74Fe, including the central value,
uncertainty, and comment. The uncertainty marked by “*” is determined un-
der specific assumption, which is explained in the main text. The column “com-
ment” provides additional information for the parameters or the reduced χ2 (or
log-likelihood-ratio, see Sec. 4.2.1) for the fitting result.
parameter Central value Uncertainty Comment
Pn(
74Fe) 45% ± 20%∗ calculated [105]
T1/2(
74Co) 31.6 ms ± 0.5 ms measured
Pn(
74Co) 25% ± 20%∗ literature [40, 60]
T1/2(
74Ni) 507.7 ms ± 4.6 ms measured
T1/2(
73Co) 40.4 ms ± 0.3 ms measured
T1/2(
73Ni) 840 ms ± 30 ms literature [68]
T1/2(
74Fe) 8.2 ms −7.1 ∼ +2.6 ms MLH ratio = 0.91
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A.7.4 Half-life of
74
Fe
In order to determine the β-decay half-life for the most exotic iron isotope implanted in
DSSSDs, the condition applied to build decay curve without γ-ray coincidence of 74Fe
included a PID gate drawn in Fig. A.117 and a maximum spatial correlation window
between an implanted 74Fe and a subsequent β particle. The condition is written in
Eq. (A.21) while the resultant decay curve of 74Fe is drawn in Fig. A.118.
PID ∩ ∆z ≤ 1 ∩ ∆xy < 2.5 (A.21)
To ﬁt the decay curve consisting of β decays within 500 milliseconds after implantations,
the half-lives of 73−74Co and 73−74Ni were involved in the ﬁtting analysis including the
decay chains 74Fe→73−74Ni. The half-life of 73Ni was adopted from the literature in
Ref. [68] while the half-lives of 74Ni and 73−74Co were taken from the γ-ray coincident
half-lives by this work. An experimental branching ratio of Pn = 25(20)% of
74Co,
which was taken from Table A.56, was utilized to ﬁt the decay curve of 74Fe. Besides,
a calculated Pn value of 45% was adopted from Ref. [105] by this work for
74Fe. The
β-decay half-life obtained by ﬁtting the decay curve with an unbinned MLH method is
T1/2 = 8.2
+2.6
−7.1 ms. The large negative error bar was originated from the uncertainty
in initial activity of the decay curve, which was diﬃcult to be ﬁtted because of the
relatively short half-life of 74Fe in conjugated with the loss of β-detection eﬃciency
within the ﬁrst a few milliseconds after implantations (see Sec. 2.2.2). A summary of
the ﬁtting parameters and analysis result is presented in Table A.68.
Appendix B
Detailed analysis for the Pn value
The β-delayed neutron emission probabilities (Pn values) were deduced either from
Eq. (4.23) or from Eq. (4.29). As discussed in Sec. 5.3, the absolute γ-ray intensity
relative to the β decay of βn- or β-decay daughter is necessary for the Pn determination
of the parent nuclide. Due to the lack of literature presenting the absolute γ-ray inten-
sities in the region of this study, the Pn determination is restricted to the cases that
both parent and βn-decay daughter (or β-decay daughter) were transmitted through
secondary beam and implanted into silicon detectors, of which the absolute γ-ray in-
tensities were obtained from this experiment. The Pn values such obtained for
74−75Co,
77−78Ni, 80−81Cu, 83−84Zn and 85−86Ga are presented in this section.
B.1 27Co isotope
Since no suﬃcient 73Ni was implanted into the silicon stopper in this experiment, Pn
value of 74Co was obtained from Pβ based on the intensity of 694-keV γ peak, which
was tentatively assigned to the γ decay in 74Cu because of the strong population in
the β-γ spectrum and weak βn decay branch of 74Ni [105,113]. The peak was observed
with an intensity of 1183(35) counts by a 400-ms-width correlation window in the β-γ
spectrum of 74Ni, which roughly included 42% β decay of implanted 74Ni. Integrating
the corresponding component in the decay curve gives totally 56409(2830) 74Ni nuclei
undergoing β decay and being detected by silicon stopper. Corrected by the γ-detection
eﬃciency, an absolute probability of 60.4(41)% populating 694-keV γ ray per β decay
of 74Ni was deduced. On the other hand, 14428(731) β decays from the implanted 74Co
were detected by silicon detectors. Introducing an 1-second-width correlation window,
453(22) 694-keV γ decays were observed by cluster detecors in the β-γ spectrum of
74Co, indicating 12392 β decays from nuclei 74Ni were detected as subsequent β decays
of 74Co. Thus, the Pβ was derived as 86(11)% which corresponds to Pn = 14(11)% for
74Co. This result is well consistent with 18(15) [60] but much more accurate.
Same γ decay in 74Cu was utilized to derive the Pn value of
75Co via decay chain
75Co→74Ni→74Cu. With a 2-seconds correlation time led by 75Co implantation, 40(8) γ
decay at 694 keV were measured with totally 2806(150) β decays detected for 75Co. One
thing need to be considered is the contribution in the γ-peak intensity by βn decay from
75Ni, which was estimated by relative γ-ray intensity in the β-γ spectrum of 75Ni. In the
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β-γ spectrum of 75Ni with time window τ = 200 ms, a strong γ peak was populated at
992.5 keV (see Fig. A.70(a)) which was not observed in the β-γ spectrum of 74Ni. Thus,
the intensity of 992.5-keV γ peak in the β-γ spectrum of 75Co reﬂects the fraction of
γ-peak intensity at 694 keV contributed by decay chain 75Co→75Ni→74Cu, which was
subtracted from the total intensity of the γ peak. Finally, around 797 β decays from
74Ni were expected in the measurement following β decays of 75Co, corresponding to a
Pn value of 28(8)% for
75Co, which is stronger than the upper limit of previous work [60].
As a crosscheck to the analysis, the Pβ value of
75Co was also studied via the γ-peak
intensity at 992.5 keV, which was directly populated by β decay of 75Ni. A number
of 1096(35) γ decays were measured at peak position within τ = 200 ms in the β-γ
spectrum of 75Ni, giving an absolute intensity of 30.7(19)% per β decay of 75Ni. Since
40(7) γ decays were observed in the β-γ spectrum of 75Co with a 2000-ms-width time
window, number of β decay from 75Ni measured by the silicon detectors was deduced
as 1991, leading to a Pβ = 71(17)% for
75Co. This result is in a good agreement with
Pn = 28(8)% deduced previously.
B.2 28Ni isotope
The Pβ value of
77Ni was measured based on γ decay produced along the decay chain
77Ni→77Cu→77Zn. The decay scheme of 77Cu has been studied in details by previous
work [121], in which a strong γ-ray transition at 505 keV was assigned to (3/2+) →
(1/2−) in 77Zn. In the present work, 1294(38) γ decays at 505 keV were recorded in the
β-γ spectrum of 77Cu within τ = 200 ms. Corrected by 10% γ-detection eﬃciency at
505 keV, the absolute intensity of the γ peak was given by 19.7(18)% per 77Cu β decay,
which well consisted with 19.1(6)% reported by Ref. [121]. In the β-γ spectrum of 77Ni
with τ = 1000 ms, 151(15) γ decays were measured at 505 keV, implying an detecton of
11485 β decays from 77Cu following the β decays of 77Ni. The Pn value such obtained
gives Pn = 1 − Pβ = 24(16)% for 77Ni, which is well consistent with 30(24)% [60] with
a much improved accuracy.
For the case of 78Ni, the time distribution of 505 keV γ decay was better described
by the parent decay component rather than daughter component, indicating an overlap
with another γ ray of similar energy which was directly populated by the β decay of
78Ni. Alternatively, intensity of 730-keV γ peak populated by the E2 transition 2+ → 0+
in 78Zn was involved in determining the Pβ value of
78Ni. To derive the absolute γ-peak
intensity per β decay, β-γ spectrum of 78Cu with a τ = 200 ms was constructed,
from which 5396(76) γ decays were measured at 730 keV. Comparison with totally
314103(15715) β decays from implanted 78Cu gives an absolute intensity of 62.4(35)%
for the γ decay at 730 keV per β decay of 78Cu. One thing worthy to be noted is that
this branching ratio corresponds to a upper limit of 37.6% for the Pn value of
78Cu,
which strongly deviates from the Pn value reported in Ref. [61] but consists with that in
Ref. [60]. In the β-γ spectrum of 78Ni, the number of 730-keV γ dacay was measured to
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be 66(9) with a time window τ = 2000 ms, indicating β decay by 1345 78Cu nuclei were
detected along the decay chain 78Ni→78Cu→78Zn. With 1998(109) β decays detected
for 78Ni, a Pβ = 67(14)% was obtained in the analysis, equivalent with a Pn = 33(14)%
for 78Ni.
B.3 29Cu isotope
For copper isotope, Pn values of
80−81Cu were deduced based on β-γ intensities of
80−81Zn. The strongest γ peak produced in the decay of 80Zn→80Ga locates at 712.5 keV
with an absolute intensity of 45.1(15)% per 80Zn decay [68]. This value was remeasured
in this work to keep the consistensy of the analysis. Totally 847899(42405) β decays
were measured by silicon detectors for implanted 80Zn, from which 11855(123) γ decays
at 712.5 keV were observed with τ = 400 ms. Thus, the corresponding absolute in-
tensisty deduced by this work is 44.3(24)%, which reasonably consisted with literature.
To study the β-γ spectrum of 80Cu, a correlation time of τ = 1000 ms was employed,
including about 64% the total decay from 80Zn. The number of γ decay at 712.5 keV
was measured to be 94(12), resulting in a Pβ = 42(9)% for
80Cu. Thereby, the Pn value
of 80Cu is obtained as 58(9)% by this work.
The Pn value of
81Cu was determined via intensity of the same the γ peak at
712.5 keV, which was contributed by both 81Cu→80Zn→80Ga and 81Cu→81Zn→80Ga.
Fraction in the 712.5-keV γ peak contributed by the ﬁrst decay chain is required to
determine the Pn value of
81Cu. To do this, β-γ spectrum of 81Zn was built against a
time window with τ = 200 ms relative to implantations. Since the half-life of 81Zn is
around 300 ms, about 36% β decays from implanted 81Zn were involved in the spectrum
by the time window. Numbers of 7823(92) and 419(25) γ decays were measured at
351 keV and 712.5 keV, respectively. The 351-keV γ ray was assigned to the γ decay
3/2− → 5/2− in 81Ga, which about 20 times stronger than the intensity of 712.5-keV γ
peak when decaying from 81Zn. Integrating the parent decay component in Fig. A.34
gives a totally 502249(25122) decays for 81Zn, based on which the absolute intensity of
351 keV and 712.5 keV can be determined as 35.5(20)% and 2.8(2)% per 81Zn decay,
respectively. Within a 2-seconds time window introduced to the β-γ spectrum of 81Cu,
number of γ decays at 351 keV and 712.5 keV were measured as 12(5) and 47(9). By
subtracting the contribution from 81Zn→80Ga based on the intensity of 351-keV γ peak,
number of 712.5-keV γ decay originated from 80Zn→80Ga gives a production of 1420
80Zn nuclei through 1751(97) β decays of 81Cu. corresponding to a Pn value of 81(20)%
for 81Cu. Also, the intensity of 351-keV γ peak allowed for a direct determination of Pβ
value of 81Cu which equaled to 16(8)%. It is interesting to note that global calculation
predicts a probability around 20% for the β2n decay branch from 81Cu [105]. Even
though a Pn+Pβ < 1 was suggested by this measurement, verifying the existence of β2n-
decay mode from 81Cu is of great diﬃculty in this work because of the large statistical
uncertainties from counting γ-peak intensity. Moreover, no γ decay populated by the
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β decay from 79Zn can be observed in the β-γ spectrum of 81Cu. Therefore, stronger
implantation rate of 81Cu is necessary to identify the existence of β2n-decay mode from
81Cu.
B.4 30Zn isotope
The Pn value of
83Zn was deduced by utilizing the decay chain 83Zn→83Ga→83Ge, along
which the γ decay at 1238 keV was populated by deexcitation from excited state to the
ground state in 83Ge [117]. In this experiment, 753493(37685) β decays were assigned
to the implanted 83Ga, among which about 36% were involved in a time window with
τ = 200 ms. Accordingly, a number of 366(23) γ decays at 1238 keV corresponds to an
absolute intensity 2.5(2)% per 83Ga decay. For the β-γ spectrum of 83Zn, about 85% β
decay from 83Ga were involved by a 1000 ms width time window, from which no strong
γ peak was able to be distinguished at 1238 keV. Therefore, only an upper limit of 2
counts was estimated based on the background level of the spectrum, which led to an
lower limit of Pn > 67(25)% for
83Zn. To determine the Pn value more precisely for
83Zn, absolute γ-peak intensity relative to the β decay of 82Ga is desired.
Due to the strong neutron emission branch in the β decay of 83Ga, it is more
eﬃcient to investigate Pn value of
84Zn via the decay chain 84Zn→83Ga→82Ge, in which
a prominent γ peak was populated at 1348 keV by the 2+ → 0+ transition in 82Ge [96].
With totally 793150(650) β decays from 83Ga, 6649(82) γ decays were detected at 1348
keV within a 200-ms-width time winodw. The resultant absolute intensity was 45.3(6)%
per β decay of 83Ga. Looking back to the β-γ spectrum of 84Zn, 770(21) β decays of were
identiﬁed as 84Zn. Detection on subsequent β decay within a 2-s-width time window
accumulated 13(4) γ decays at 1348 keV. Corrected by the γ-detection eﬃciency as well
as the fraction of 83Ga decaying within 2-seconds-width time winodw, 567 β decays of
83Ga were detected along the decay chain 84Zn→83Ga→82Ge, based on which the Pn
value of 84Zn was deduced as 74(26)%.
B.5 31Ga isotope
In order to determine the Pn value of
85Ga, β-γ spectrum of 85Ge was constructed with
a 400 ms width time window, in which 41.5% of implanted 85Ge underwent β decay. A
relatively strong γ peak at 116 keV, which was assigned to γ decay in 85As [116], was
involved in the Pn determination of
85Ga. The γ-ray counts was measured as 396(24)
from totally 38839(1952) triggers generated by β decay of implanted 85Ge. The eﬃciency
corrected peak intensity resulted in an absolute probability of 16.5(14)% populating 116-
keV γ decay per β decay of 85Ge. When building β-γ spectrum against implanted 85Ga,
69% the β decay from 85Ge were involved in the 1000 ms width time window together
with 118(26) γ decays at 116 keV, implying 6999 85Ge nuclei were produced by the
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β decay of 85Ga. Since 33023(1661) β decays were detected and assigned to 85Ga, a
Pn = 79(6)% is suggested for
85Ga by this work.
Based on intensity of the same γ peak, the Pn value of
86Ga can be derived. One
thing need to be cared is the mixed contributions in the 116-keV γ peak by decay chains
86Ga→86Ge→85As and 86Ga→85Ge→85As, between which only the latter is correlated
with the Pn value of
86Ga. In the β-γ spectrum of 86Ge, the γ-peak intensities at
112 and 116 keV were determined as 6332(95) and 1996(67) respectively within a time
window with τ = 200 ms. Since the 112-keV γ peak was only populated by β decay
of 86Ge but not observed in the β-γ spectrum of 85Ge, the contribution by 86Ge→85As
to the 116-keV peak in the decay chain starting from 86Ga can be estimated by the
intensity of 112-keV γ decay measured in the β-γ spectrum of 86Ga. The resultant peak
intensities at 112 and 116 keV within 1-second after implantation of 86Ga are 4(2) and
13(4), respectively. Subtracting the fraction originated from decay of 86Ge→85As, the
number of 116-keV γ decay left in the analysis yielded 651 nuclei of 85Ge produced by
the decay chain starting from 86Ga. With totally 882(53) β decays from 86Ga, the Pn
value of 86Ga is obtained as 74(29)%. This result is consistent with literature published
in Ref. [65] but less accurate because of the too much statistical uncertainties introduced
by γ-peak intensities with low counting rate.
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